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Introduction

The Standard Model of elementary particles is one of the most successful the-
ories of modern physics. It provides a quite satisfactory description of the
properties of elementary particles and their interactions. Extensive consis-
tency and precision tests have been performed, providing stringent constraints
on the Standard Model parameters. Over the past 30 years a very extended
experimental program addressed to the search of the Higgs boson was carried
out in particle colliders. The discovery of a Higgs-like particle announced by
the ATLAS and the CMS experiments in 2012 has solved one of the main
open topics of the Standard Model: the mechanism that gives mass to the
fermions and to the bosons that mediate the weak interactions. However
there are many aspects that do not still find an adequate explanation inside
this theory. The main aim of the LHC experiments is to answer these open
questions and explore the predictions of physics beyond the Standard Model.
Nevertheless the search of new physics would not be possible without a solid
understanding of the Standard Model processes that could represent important
backgrounds. Moreover, the accurate understanding of the Standard Model
is not only crucial for searches of unknown particles and phenomena but also
to test predictions of perturbative Quantum Chromodynamics calculations.
The study of the production of a Z boson in association with one or more
heavy quark jets (Z+b) in hadron collisions gives the opportunity to explore
a wide physics phenomenology and provides a unique test to probe the per-
turbative Quantum Chromodynamics approximation. In this thesis two final
states are analysed: the associated production of the Z boson with exactly
one (Z+1b) or at least two (Z+2b) b jets. Data from proton-proton collisions
at a centre of mass energy of /s = 8 TeV, delivered by LHC and recorded
with the CMS experiment in 2012 (corresponding to an integrated luminosity
of about 19.8 fb=1), is used to perform the measurement of differential cross
sections as function of different observables. This thesis is organized into six
Chapters. In the first Chapter a brief description of the Standard Model is
given, introducing the electroweak interaction, the Higgs mechanism and the
strong interaction. This chapter ends with a review of the opened questions of
the model. In the second Chapter the importance of the measurement of the
production of a Z boson in association with exactly one or at least two b jets is
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discussed. In the first part the two different approaches (four-flavor, five-flavor
schemes), adopted to describe the processes in which a b quark is involved,
are described while the second part is mainly focused on the Z+b final state
signatures. A general view of the CMS experiment is given in Chapter 3 where
a short description of all the subdetectors is provided. Chapter 4 is dedicated
to the description of the specific algorithms applied in the CMS experiment
in order to reconstruct all the interested objects: electrons, muons, jets and
missing energy. The jet reconstruction algorithms of interest are also reviewed
and the relevant b tagging algorithms are described. More details are given
on the full event reconstruction technique employed at CMS, known as the
“Particle Flow”, that allows a significant improvement in jet reconstruction
performance over more traditional, calorimeter-based approaches. The analy-
sis event selection is presented in Chapter 5, including a description of the data
samples used both for the signal and for the Monte Carlo samples, the trigger
and the preselection requirements. The different background contributions are
all extracted through Monte Carlo simulations, except in the case of the top-
antitop pair background whose evaluation has been performed using a data
driven approach and a section is dedicated to the explanation of the procedure
adopted. A particular attention has been used to extract the event b purity
estimated simultaneously in the Z + 1b and Z + 2b samples, in order to take
into account possible inefficiencies in the tagging of jets and so migrations of
events from one sample to the other. Chapter 6 details the unfolding methods
used in order to deconvolve the measured quantities from the detector effects.
Possible sources of systematic uncertainties are investigated in this Chapter,
showing for each of them the strategy adopted to estimate the final contri-
bution. Finally the differential cross sections for the Z+1b jet and Z+2b jets
are shown. These results include the comparison between experimental data
and different QCD theoretical predictions with several implementations, us-
ing leading order, next-to-leading order, 4-flavor scheme, and 5-flavor scheme
approaches.




Chapter 1

Standard Model

At the beginning of the 20th century the experimental evidences of protons,
electrons and neutrons existence allowed to explain the composition of atoms
and the periodic table of the chemical elements.

Important progresses have been made in particle physics during the last cen-
tury. Moreover following the experimental evidences of new particles un-
veiled, in particular after the introduction of more powerful particle accel-
erators which allowed matter to be probed at smaller distances, the theoret-
ical developments deeply changed the description of the fundamental mat-
ter constituents. The present knowledge about fundamental particles and
their interactions is described by a quantum theory known as Standard Model
(SM) [1-3]. The Standard Model is the quantum theory that describes par-
ticles and interactions in terms of the quantum field dynamic. The first step
towards the Standard Model are due to Glashow [1] Salam [2] and Weinberg [3]
who found a way to combine the electromagnetic and weak interactions. Later,
the inclusion of the Higgs mechanism into electroweak theory gave it its mod-
ern form. Fundamental experimental confirmations such as the discovery of
the W and Z particles at CERN by Rubbia and Van Der Meer at the begin-
ning of the 80’s established the SM as the reference theory for particle physics
description, confirming the electroweak unification theory. Extensive consis-
tency and precision tests were performed providing stringent constraints [4, 5]
on the Standard Model parameters over a wide range of energies.

In this chapter the Standard Model will be introduced through the electroweak
and strong lagrangian description.

1.1 Particles and force carriers

The Standard Model (SM) is the most comprehensive and wide theory avail-
able and, in the last forty years, many experimental evidences have confirmed
the SM as the reference theory for the description of the elementary particles
and their interactions. The fundamental constituents of matter interact via
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different forces: the electromagnetic, the weak, the strong and gravitational
forces. The SM theory has been built to describe all these interactions ex-
cept the gravitational one. However, the tiny value of its coupling constant
compared to those involved in the other three interactions makes its effects
completely negligible in particle physics experiments. The different elemen-
tary particles described by the SM are collected in fig. 1.1 and can be divided
into two different categories: fermions, particles of spin-1/2 (in units of ), and
bosons, particles with integer spin. The fermions are the two types of matter
units and are structureless at the smallest distances currently probed by the
highest energy experiments. This type of particles can be divided into quarks
and leptons according to their interactions. Quarks can interact through the
electromagnetic, weak and strong interactions even if the strong interaction
is the dominant one. Six different flavours predicted by the model have been
experimentally discovered: up, down, strange, charm, bottom and top.
Leptons are grouped into three different families each of them comprising a
charged lepton (electron, muon, tau) and the corresponding neutrino (v, v,
and v;). The charged lepton can interact electromagnetically and weakly while
in the neutrino interactions only the weak force is involved.

mass - =23 MeVic? =1.275 GeV/c* =173.07 GeV/c* o =126 GeVic?
charge = 2/3 u 213 C 273 t o 0 H
spin > 112 112 12 1 9 0
up charm top gluon Higgs
boson

=4.8 MeVic* =05 MeV/c? 4,18 GeV/c? 0

113 d 13 113 b [

12 12 S "2 1 y
down strange bottom photon

0.511 MeV/c? 105.7 MeV/e* 1.777 GeVic* 91.2 GeV/ic*

A - -1 ]

12 e 112 u 12 T 1 z

electron muon tau Z boson
=22 eVic* <0.17 MeVic* <15.5 MaV/c* 804 GeV/ic*

. Do . W
112 € 12 vu 112 1

electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1: Schema of the elementary particles as described by the Standard
Model: three generations of up- and down-type quarks, three generations of
charged and neutral leptons, the gauge bosons (fourth column), force carriers
of the electromagnetic interaction and the Higgs boson (fifth column).

The three interactions treated inside the SM are mediated by the force-
carrier gauge bosons: the electromagnetic force by the photon ~y, the weak
force by the W+ and Z, and the strong force by eight gluons. Electromagnetic
and weak interactions are unified in the electroweak model that describes the
two different manifestation of the same interaction SU(2), ® U(1)y. The
carriers of the strong interaction are massless gauge bosons while the carriers
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of the electroweak interactions are both massless () and massive (My =
80.385+0.015 GeV [6] and My = 91.18764+0.0021 GeV [6]). The fact that
both the charged leptons and some of the gauge bosons are not massless implies
the loss of the gauge invariance of the theory. The SM, as any other Gauge
Quantum Field Theory, is built under the construction principle of gauge
invariance where the exchanged field quanta with spin one defines the gauge
particle which must be massless in order to preserve it. For this reason it is
necessary to introduce the masses by a mechanism, and it is done in the most
simple way by the Higgs mechanism [7] [8], that leads to the prediction of a
new massive scalar particle, the Higgs boson particle. A particle compatible
with the Higgs boson has been discovered at LHC by ATLAS [9] and CMS [10]
experiments in 2012.

1.2 Electroweak interaction

The weak and electromagnetic interactions can be seen as two different aspects
of the same fundamental interaction and a unified description is provided by
the electroweak model. The weak interaction is described in the Standard
Model as a theory based on a SU(2)r ® U(1)y gauge invariant lagrangian.
SU(2) is the weak isospin group which is non abelian and has three generators
Ti23 = T1,2,3 where the 7; are the Pauli matrices. U(1)y is the weak hyper-
charge group which is abelian and has one generator Y /2. The electromagnetic
group is a subgroup of the electroweak group that is U(1)¢m C SU(2),@U(1)y
and the corresponding generator is a combination of the third component of
the weak isospin (73) and the weak hypercharge (Y):

Q=T+ g (1.1)
The experiment conducted by Madame Wu [11] was the first experimental
evidence of parity violation for weak charged current interactions confirming
the prediction of Lee and Yang. It was observed that left-handed particles
or right-handed antiparticles are involved in weak charge current interaction
while right-handed particles and left-handed antiparticles are absent with a
clear violation of parity invariance.
The phenomenological aspects of the weak interactions between leptons are
described by the Fermi theory (interaction of the four fermions [12]) in which
the Hamiltonian density of the interaction is given by the product of two
currents J,:

Hy(z) = ﬁjgﬂ, (1.2)

where G is the Fermi’s constant ' and J. the charge currents whose expres-

!Experimentally the value of Gr is extracted from muon decay (y — ve). The muon

8



1. Standard Model 1.2. ELECTROWEAK INTERACTION

sions have to take into account of the parity violation so they assume the
following form:

_ 1 _
Ju = JI = uV7V§(1 — " )ue = viyuer, (1.3)
f_ g g 5 .
Jh=J, = uev,,§(1 —7°)Uy = erVuVL, (1.4)

where u,, and u, are the Dirac spinors respectively for the neutrino and the
electron. The subscript L in the eq. 1.3 means that the left-handed spinors are
involved and reminds the V-A structure of the charged currents evident in the
mixture of a vector term 7, and the axial-vector term ¥?y*. Using the spinors
with an established helicity (a left-handed doublet L and a right-handed singlet

R):
YL = <£l>L’

YR = ( l )R ;
with [ = e,v,7. The charged currents can be written in a two dimensional
form:

JiF =T, (1.5)
J =T L. (1.6)

In this expression the “step-up” and “step-down” operators 74 = %(7'1 + 79)
are introduced where 7; (with i=1,2,3) are the Pauli spin matrices. In order
to complete the SU(2) invariance of the theory we can introduce the neutral
current of the form:

1
Ji = VL5 TsLs (1.7)

The J 3 current cannot be identified directly with the weak neutral current
(J[fc) because it involves only left-handed fermions and it cannot be seen as
the the electromagnetic current (J;™) that has to have both the right and
left handed components and does not couple with the neutrino. In order to
maintain the SU(2)L symmetry and to include in this picture both the Jj¢
and the J7™ the currents are expressed as linear combinations of Ji’ and weak
hypercharge current JZ :

1
Jm = + §J}j (1.8)

with J}f given by:

. . . . G2.mb> .
lifetime is only a function of the muon mass and Gr: T’ = ﬁ. From this measurement

the value obtained for this coupling constant is G = 1.16639 £ 0.0001 x 10™°GeV =2 [6].
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JY =0y, YU (1.9)

The hypercharge operator Y is the generator of the symmetry group U(1)y.
The electromagnetic interaction is therefore incorporated by enlarging the
symmetry group to SU(2)r, ® U(1)y. Also the neutral weak current can be
expressed as a linear combination of the Jﬁ and JZ currents.

In order to complete the unification of the weak and electromagnetic in-
teractions, the current-current structure must be modified into an effective
interaction in which massive vector bosons are the force carriers. For this
pourpose we can define the weak isospin current:

) = 1
J, = \I’LVuiTi‘Ijb (1.10)

and we can introduce an isotriplet of vector fields Wﬁ coupled with strenght
g to Jﬁ and a single vector field B, coupled to the J }[ current with strenght
g9 /2.

Electroweak interaction is then:

!

—ig(JW — i%(JY)“B“, (1.11)

The gauge fields describing massive charge bosons W are:

1

V2

while the physical state for the the neutral gauge bosons is given by the com-
bination of Wi’ and By:

W+ (Wi FW3), (1.12)

A, = By cos(by) + Wi’ sin(6y), (1.13)

Z, = —Bysin(6y) + W;’ cos(fy), (1.14)

where 6,,, called Weinberg angle, is an important SM parameter whose value
(sin?(f,) = 0.2312040.00015) has been measured using the combination of
the results of SLD and LEP experiments [13].

1.2.1 Electroweak lagrangian

The Lagrangian density which describes the unified electroweak theory can be
divided into two contributions, a part containing the interaction terms and
a part containing kinematic terms. The introduction of the covariant deriva-
tive D, (eq. 1.22) replacing the ordinary derivative 0, inside the kinematic

10
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term of the lagrangian (£ = Wiv,0,¥) guarantees the invariance under lo-
cal tranformation and introduces the interaction term (Lz). The lagrangian
density describing the interaction of the vector fields with the fermions in a
non-Abelian gauge theory, Yang-Mills theory, assumes the form:

L =Viy"D, ¥ = Uin'9, ¥ + L1 (1.15)

where L7 is the sum of three contributions: the electromagnetic (1.16), charge
weak current (1.17) and neutral weak current (1.18) terms:

Lom = —ieJS™ A", (1.16)
g — _
Leo = —15(@#)“%+ + (J)HW,), (1.17)
_ . g 3\ s 2 em\ [
Lpe = —i——— - ((J°)" —sin” Oy (J™)") Z,,. (1.18)

cos Oy

Introducing the following kinematic terms of the Yang-Mills fields Wu and B;:

E%, = 0,We — 0,WS — ge™ " WIW) (1.19)

F = 8,B, — 8,B, (1.20)

The lagrangian density that expresses the unified SU(2);, @ U(1)y electroweak
theory includes the interaction term and the kinematic term:

_ 1 1
Lewk =Y Uiy D,V — Wi W — 2 By B (1.21)
f

where the expression for the covariant derivative is:

/

DU = [0, + igW, - = — i%YBu]\IJ (1.22)

NI

where g is the SU(2) gauge coupling and ¢ is the U(1)y gauge coupling.
The relation between the electromagnetic coupling e and these two couplings
g and g is a consequence of U(1)e,, being a subgroup of SU(2); @ U(1)y:

(& ’ (&

= = 1.2
g sin Oy g cos Oy (1.23)

11
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1.2.2 Cabibbo - Kobaiashi - Maskawa matrix

The electroweak interaction model described in the previous section, based
on the gauge group SU(2);, ® U(1)y, can be completed including also the
quark fields. As in the lepton case the quark fields can be divided into three
families (Q® with o = 1,2,3) where the left handed components of the fields
are transformed as SU(2), doublets and the right handed fields are singlets

of the group:
u
QL= ( )
djy

(wWr 5 (dr
withu=u,c,tandd =d, s, b.
The mass eigenstates for left handed doublets do not coincide with the eigen-
states of the weak interaction of quarks. The quark fields enter into the charge
current of the Standard Model in the form of mixed combinations. Since each
electroweak eigenstate is a linear combination of the mass eigenstates, the
transformation can be obtained according to the Cabibbo-Kobayashi-Maskawa
(CKM) formalism [14] in which the quark mixing is parameterised by three
real parameters (mixing angles) and one complex phase.
The CKM matrix transforms the mass eigenstates (d, s, and b) into weak
eigenstates (d',s and b’ ):

dl Vud Vus Vub d
s | =Vea Ves Ve | |s (1.24)
b Via Vis Vw b

The quark flavours can be transformed and also the generation can change;
up-type quarks convert into down-type quarks and vice versa via flavour-
changing charged currents, based on the coupling to W*. The transition
probability between different quark flavours is described by the Cabibbo-
Kobayashi-Maskawa matrix elements, and is proportional to | Vi |2
changing neutral currents with a Z exchange, not expected by the theory, have
not been observed. The charged current interaction Lagrangian for quarks can
be expressed in the following form in terms of the mass eigenstates:

. Flavour-

d
ECC = —%(’EL,EL,LTL)’}/“VCKM S WJ + h.c. (1.25)
b

In the Standard Model the CKM matrix is assumed to be unitary, so the
parameters are not all indipendent because of the unitarity relation:

> ViV = di;. (1.26)
k

12
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A general n x n unitary matrix (VV{ = I) requires n? real parameters to be
specified but 2n — 1 of these parameters are not physically significant and can
be eliminated redefining the phases of the quark mass eigenstates. Hence there
are (n —1)? physical parameters left. A unitary matrix is also orthogonal, and
as such it contains n(n — 1)/2 parameters corresponding to the independent
rotation angles between the n basis vectors; thus the remaining (n—1)(n—2)/2
parameters must be complex phases. For n = 2, i. e. two quark families there
is just one mixing angle, the Cabibbo angle 6. [15]. For n = 3 there are instead
four physical parameters, namely three Euler angles and one phase, the latter
responsible for all CP violation in meson decays in the Standard Model.

In order to determine the magnitudes V;; of the elements of the CKM matrix,
several processes have been studied, each one sensitive to a specific element.
Combining the experimental information with the CKM unitarity condition,
assuming only three generations, limits for the V;; elements can be obtained.
The current knowledge of the CKM matrix elements shows that transitions
within the same generation are governed by the CKM matrix elements of
O(1), those between the first and the second generation are suppressed by
CKM factors of O(107!), those between the second and the third generation
are suppressed by O(1072), and the transitions between the first and the third
generation are even more suppressed by CKM factors of O(1073).

1.2.3 Electroweak symmetry breaking

As mentioned before, the model proposed by Weinberg and Salam predicts
massless particles in contradiction of what is observed so it is necessary to
introduce masses by a mechanism. In fact the introduction of explicit mass
terms for fermions and gauge bosons inside the electroweak lagrangian would
violate the gauge symmetry leading to a non renormalizable theory loosing
the lagrangian predictive power.

In order to preserve the gauge invariance, the observed fermion and boson
masses, need to be explained in a different way: introducing the spontaneous
symmetry breaking mechanism of SU(2);, ® U(1l)y as theorized firstly by
Higgs [7]. The simplest choice to perform the breakage of the symmetry is
the introduction of one complex scalar SU(2) doublet:

¢+)
P = .
(%),

In order to introduce the Higgs mechanism within the Standard Model a La-
grangian is built including to the Lgw i the potential V(®), the proper co-
variant derivatives of ® and the Yukawa interaction between the Higgs doublet
and the fermion fields. So the lagrangian assumes the following form:

L=Lrpwk + DN(I)D”(I) — V(CI))7 (1.27)
where the potential V' (®) is a quartic function of the scalar field:

13
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V(®) = 12dTd + A\(DTD)2. (1.28)

The fundamental state of the system is obtained through the minimization of
the potential V(®) . If u? > 0 (fig. 1.2(a)) the ground state is ¢ = 0 and it
preserves all the symmetries of the lagrangian. The condition on the phase
p? < 0 gives a degenerate fundamental state as shown in fig. 1.2(b).

(a) The potential with u? > 0. (b) The potential with u? < 0.

Figure 1.2: Higgs Potential corresponding to eq. (1.28) in the complex plane.

If one of the component of ® takes a non void vacuum expectation value,
a fundamental state can be chosen with form:

wwm=<9>,
\/5

with v = “72 In this case (u? < 0) the infinite degenerate vacua (minima) have
the same |< ® >| but different complex phases. The choice of a particular
vacuum (complex phase) is what generates the spontaneous breaking of U(1).

The introduction of a complex scalar field in the electroweak lagrangian
determines the breakage of the symmetry leaving the electromagnetic current
conserved in the scheme: SU(2), @ U(1l)y — U(1)em.

The electroweak Lagrangian after the introduction of the electroweak symme-
try breaking mechanism can be written as:

Lewk =Lk +Ln+ Lo+ Lwwy + Lwwyvv + Ly + Ly + Ly.  (1.29)

Figure 1.3 shows the corresponding tree level Feynman graphs to all the terms
of the lagrangian (eq. 1.29). Lx represents the kinetic term describing the
free movement of all the fermions and bosons. The term Ly describes the
interaction of the photon and the Z bosons with the fermions, while Lo is due
to the interaction of the W boson with left-handed particles and right-handed
antiparticles. The terms Lywy and Ly wyy represent respectively three

14
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point and four point gauge bosons self-interactions. The terms with Ly take
into account the Higgs self-interaction, while Lz describes the interaction of
the Higgs boson with the gauge boson. Finally the last term Ly characterises
the Yukawa couplings between the massive fermions and the Higgs field.

WWvy

Ly h Ly T L
f LS
b
N < LI i\ "
Ly J < Lgv

Figure 1.3: Scheme of the electroweak lagrangian as tree level Feynman dia-
grams.

In this framework the charged W¥ and the neutral Z boson masses that
are originated by the introduction of the Higgs field in the lagrangian are
related to the coupling g and to the parameter v by the following relations:

1 M
My = 29V} VV; = cos Oy (1.30)
while the photon remains massless. Eq. 1.30 shows, also, the dependence of
the vector boson mass with the Weinberg angle 6,,,.

The Higgs mass only depends on the expectation value of the vacuum v:
My = V. (1.31)

The Higgs mass cannot be predicted because the theory does not provide a
value for Av. Introducing an interaction term of the fermions with the Higgs
field it is possible to assign masses to the fermions. This can be done via a
Yukawa coupling with coupling constant gy, obtaining the lagrangian term:

L=—g;(VppUg+ Upel¥p), (1.32)

The value of the coupling constant g; is determined by the fermion masses:
_ my
9f = =
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1. Standard Model 1.2. ELECTROWEAK INTERACTION

The Higgs Mechanism leads to the prediction of a new scalar particle,
called the Higgs boson. For over 50 years there have not been experimental
evidences of this particle and the search of it has involved the efforts of different
experiments. At the LEP collider at CERN, operating at an energy mass
center around the value of the Z mass in the first phase increased to 210 GeV
in a second phase, a limit to 114 GeV with a confidence level (CL) of 95%
has been firstly set [16]. The latest results in the experiments CDF and DO
at Tevatron shows a significant excess of events in the mass range between
115 and 140 GeV with a local significance of 30 at my =125 GeV [17]. The
experimental discovery of the Higgs boson by the collaborations of ATLAS [9]
and CMS [10] at the Large Hadron Collider (LHC), was announced in an
international open web-conference on the 4th of July 2012. Recently, on the
8th of October 2013, Peter Higgs and Francois Englert received the Physics
Nobel Prize 2013 for the proposal of this mass generation mechanism and for
the prediction of the Higgs boson particle.

The CMS and ATLAS experiments have been specifically designed in order
to perform the SM Higgs boson search. Different decay channels have been
exploited for the Higgs search even if two of them have been particularly
interesting for the discovery: H — vy and H — ZZ — [T17171~.

Despite the small expected signal rate, the Higgs boson decay into a pair of
photons, H — 77, is a very sensitive channel in the search for a low-mass
SM Higgs boson because of the distinctive signature that is a narrow peak of
width determined by the instrumental resolution.

The Higgs boson decay H — ZZ — 117171~ is often referred to as the “golden
channel” because of the good invariant mass resolution, the well controlled
background and the clear signature. The traditional search strategy using the
golden channel focuses on measuring the invariant mass spectrum of the four
leptons. The great interest in this channel is also due to the possibility it gives
to measure other features of the Higgs boson, for example the spin and the
parity, given that four-momenta of all decay products can be reconstructed
with sufficient resolution.

Fig. 1.4(a) and 1.4(b) present the results obtained in the two main channels
during the first years of data collection at the LHC, shown to announce the
discovery of the new particle. The CMS experiment, using the entire dataset
collected during the 2011 and 2012 LHC running periods, has observed an
excess of events at a mass close to 125 GeV in all the five channels analysed:
~y(with a local significance of 5.7 o [18]), ZZ (with a local significance of 6.8
o [19]), bb(with a local significance of 2.1 o [20]), WW (with a local significance
of 4.3 o [21]), 77(with a local significance of 3 o [22]).
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(a) Di-photon invariant mass m.~ distribu-
tion with each event weighted by the signal
to background ratio S/(S + B) value. The
lines represent the fitted background and
signal while the colored bands represent the
+1 and £2 standard deviation uncertainties
in the background estimate.
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(b) Distribution of the four-lepton invari-
ant mass my; for the ZZ — 4l analysis.
The points represent the data, the filled his-
tograms represent the background, and the
open histogram shows the signal expecta-
tion for a Higgs boson of mass myg = 125
GeV, added to the background expectation.

Figure 1.4: CMS results of the Higgs-like boson discovery. The measurements
are presented for the sample of the data collected at a center-of-mass energy
of 7 TeV and 8 TeV [10].

1.3 Strong interactions

In order to complete the Standard Model description it is necessary to consider
also the strong interaction. The field theory of strong interactions is known as
Quantum Chromodinamics (QCD) and is a gauge theory based on an unbroken
SU(3) symmetry.

The historical foundation of QCD dates back to the first scattering ex-
periments that revealed that a new kind of interaction between protons and
neutrons could exist and that it acted only over very short distances. The pic-
ture of the world of elementary particles started to change when many different
particles were discovered and different schemes tried to explain the observed
regularities in the particle zoo. Gell-Mann [23] and Ne’eman proposed a model
that showed that the known hadrons could be classified as multiplets of the
unitary Lie group SU(3) with the isospin (I) and the hypercharge (Y=B+S) as
relevant quantum numbers. When the vacant positions in the multiplets were
filled by new particles, it was clear that the model was not a simple mathe-
matical abstraction. Moreover Gell-Mann and Zweig postulated the existence
of a set of three particles corresponding to the fundamental representation of
SU(3) that were called quarks. The quarks would constitute the basic building
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1. Standard Model 1.3. STRONG INTERACTIONS

blocks of all hadronic matter carrying a fractional electric charge. So all the
observed particles could be described through the properties of the symmetry
group SU(3).

With deep inelastic lepton-nucleon scattering experiments that involved a mo-
mentum per particle greater than 1 GeV, the proton structure could be re-
solved for the first time. The first evidence of a sub-structure in the proton
gave the support to the idea of proton as a bound state of pointlike charged
quarks.

The discover of new particles, such as |[ATT >= |uuu > or |Q~ >= [sss >,
seemed to be in contradiction with the Pauli exclusion principle because these
particles are bounded states of three identical quarks. To explain the existence
of these particles avoiding the violation of the Pauli principle a new quantum
number (colour) was proposed by Han and Nambu [24] in 1965. So it was
assumed that the quarks carry an additional degree of freedom which can take
three distinct values. Experimental test of the existence of this new quantum
number came from the comparison of the hadron production in ete™ anni-
hilation and the creation of muon pairs with the same initial state. Taking
the ratio R (eq. 1.33) between the two cross sections, everything except the
coupling strengths cancels. Thus the ratio reduces to a direct measure of the
sum of the squares of the quark charges allowing to determine the number of
quark colours (V).

o(ete™ — hadrons) 9 11
R = = N, = N.—. 1.33
olete™ = ptp) Czq: e ‘9 (1.33)

It was then assumed that colour is a charge-like quantum number conceptually
similar to the electric charge or weak isospin, a source of a colour field that
glues the quarks together to form the observed hadrons. The quanta of the
colour field were called gluons that couple only to color charge. After the
results from deep inelastic scattering many evidences were now clear:

e hadrons were bound states of fractionally charged quarks

e quarks are spin-1/2 fermions carrying the colour charge

besides quarks, additional partons in the nucleons exist.

those partons (gluons) do not interact with electromagnetic or weak
force.

The Quantum Chromodynamics was then postulated as a quantized gauge the-
ory with a SU(3). symmetry in 1973 by Fritzsch [25], Gross and Wilczec [26]
and Weinberg [27]. The color symmetry implies new massless gauge bosons
called gluons (the eight generators of SU(3)), which mediate the strong inter-
action.
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1.3.1 The QCD lagrangian

The QCD is a gauge theory based on the group an SU(3).. For the quark
Dirac spinors fields ¢f* ( where « is the flavour index, while ¢ is the colour
index) it is possible to introduce the covariant derivative:

(Du)ij = 6ij0u + igs Ay (z) T (1.34)

in which A (z) (with a = 1,2....8) are the eight Yang-Mills gluon fields and 7
are 3x 3 matrices, generators of the SU(3). in the fundamental rappresentation
and g5 is the coupling constant. The QCD Lagrangian can then be written in
the form:

L) =Y @ (i9Du — ma)isdf () — iFﬁy(x)FaW(:c), (1.35)

where the field strenght tensor is:
Fp () = 0, A5(x) — 0, AL () f*° AL () A5 (), (1.36)

with f¢ structure constants of the group defined through the commutation
relations of the SU(3) generators: [T, T?] = i febeTe,

1.3.2 QCD coupling constant

As in the case of the quantum electrodynamics, the size of the strong coupling
as(k?) (eq. 1.37) depends on the energy scale of the interaction. The trend of
the coupling constant as a function of the energy scale is shown in fig. 1.5 and,
after a renormalization procedure, can be expressed in the following formula
at leading order (LO):

As (Q2) &

ey R
1+ A< (11N, — 2Ny) - In %

(1.37)

where ay = gs/4n, p? is a renormalization energy scale at which a,(Q?) is
supposed to be known. Differently to the quantum electrodynamic case, the
sign of the logarithmic term in the fraction denominator is positive (11N, —
2Ny) > 0 being N, = 3 and Ny = 6. The equation 1.37 can be used to
determine the behaviour of the interaction potential between two coloured
sources as a function of their relative distance. The value of as(Q?) is fixed to
as if 4?2 = Q2. The running coupling is small for large momentum transfers
(asymptotic freedom [29]) so for Q2 > u?, and large for small momentum
transfers (color confinement). The decrease of as(k?) with the energy scale
means that at high energy quarks can be described as almost free particles.
The asymptotic freedom is the basis of the perturbative approach to calculate
QCD observables (pQCD). Defining AéoD as:

127
11N, — 2Ny)as(p?)’

Apep = MQefvp[( (1.38)
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Figure 1.5: The strong running coupling constant as a function of the trans-
ferred momentum Q in different processes [28].

the running strong coupling assumes the form:
QS(QZ) =

Qg

33 — 9N ,) log(~22-)’
( f) og(AéCD)

(1.39)

The value assumed by Agcp is often used to describe the hadron interactions
phenomenologically. If in a proton-proton collision two partons interact with
Q> > Agcp (hard scattering) the amplitude of the process is calculated with
the pertubative QCD tools. So the value of Agcp gives the energy at which
non-perturbative effects become important. At low energy (corresponding to
a large distance of the order of 1 fm), the perturbative approach is no more
applicable. If a pair of quarks (¢q) starts to separate from each other, the
exchanged gluons interact and strong coupling constant increases.

In this case, non perturbative lattice QCD approach can be used [30]. Lattice
QCD is formulated on a grid of space-time points, introducing a cut-off at
the order of 1/a, where a is the lattice spacing, which regularizes the theory.
Fields representing quarks are defined at lattice sites while gluons fields are
defined on the link connecting close sites. At low energy scale the increasing
force binds the quarks together until the energy density of the colour field
between the quarks is large enough to create an additional ¢¢ pair. In the
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final state therefore only colourless bound state can be observed. This effect is
known as “colour confinement” and justifies the non observation of free quarks
and gluons.

1.4 Modelling the hard process

When two protons collide with a transfer momentum @ higher than their
masses, the interaction involves their constituents, since the proton can be
resolved into its partons (quarks and gluons), carrying only a fraction x of the
total momentum of the proton. The calculation of production cross-section in
a proton-proton collision can be seen as a combination of two different energy
regimes: the short-distance or high-energy regime and the long-distance or low-
energy regime. The QCD factorization theorem [31] can be used to calculate a
wide variety of hard-scattering cross sections in hadron—hadron collisions. The
production cross-section can therefore be expressed as a product of two terms:
one relative to the parton-parton cross-section (o445 ) at a short distance and
the other describing the internal structure of protons at a long distance. As
seen in the previous section, for large momentum transfers (short distance) a
perturbative approach can be used to evaluate the parton-parton interaction.
For the second term, instead, perturbative QCD calculation can no longer be
applied and a more phenomenological way is adopted to describe the proton
structure. For this purpose parton densisty functions (PDFs) have to be in-
troduced. Given a proton A with momentum p4 the PDF for the parton a
is a function fq/4(z, Q?) of the relative momentum x = p—z of the parton in
the direction of the proton momentum and depends also on the energy scale
Q? of the scattering process. The scale at which the long-distance physics
of the PDF description and the short-distance physics of the parton-parton
interaction separate is called the factorisation scale and is defined as ur = Q.
The proton-proton collision can be therefore expressed as:

Opapp—n — Z/dxadxbfa/A(xmQQ)fb/B('rlMQQ)Uab—wr (140)
q

The functions f,/4 and f,/p denote the PDFs for the partons a and b re-
spectively in the proton A and B. Fig. 1.6 shows graphically the Drell-Yan
scattering, one of the possible processes that could happen in a proton-proton
collision. It is possible to expand the parton-parton cross-section in terms of
the strong coupling so, the previous expression of the cross-section becomes:

Opapp—n — Z/dqf'adxb/fa/A(l'aa Q2)fb/B(xb7Q2) X [00 + as(ﬂ%{)gl + ]7
q

(1.41)
where pp is the renormalization scale, the reference scale for the running of
the a;, (,u%%). o¢ is the tree-level parton-parton cross-section and o is the first
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Figure 1.6: The general representation of the Drell-Yan scattering.

order QCD correction to the parton-parton cross section etc.
The eq. 1.41 can be expressed in term of the matrix elements:

1
Opapp—n = Z/dfvadxb/d¢nxfa/z4(xmQz)fb/B(xbaQQ)% ‘ Mab—n ’2 (an),
q

(1.42)
where i is the parton flux, ¢, is the phase space of the final state and | mgp—yy, |
the matrix element for a final state n produced by the annihilation of the
partons a and b.

The leading order (LO) calculation of the parton-parton annihilation cross-
section can be seen as an extension of the calculation of the QED process
ete™ — pTpu~ by including the colour factor and accounting for the fractional
charge of the involved quarks.

To have a realistic model that is able to explain what is experimentally ob-
served, also higher order QCD have to be taken into account. Additional
quarks and gluons in the final state in the transverse plane can be emitted.
These perturbative corrections can be calculated in the regime of small as.
There are two classes of next-to-leading order (NLO) corrections that con-
tribute: the virtual loop corrections and the real emission of gluon/quarks as
shown in fig. 1.7.

While the virtual loop correction does not affect the transverse momentum
spectrum of the final state, the real emission implies an additional parton in
the final state so it enters in the balance of the momentum in the transverse
plane. Currently, several leading-order calculations, such as [32,33], are avail-
able describing more than six partons in the final state. The partons cannot
be detected as free particle because they carry a colour charge that has to be
conserved in the process. Due to confinement, objects with a net colour charge
can not exist freely. Therefore the initial partons tend to a stable configura-
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Figure 1.7: Next-to-leading order corrections: virtual loop cerrection and the
real emission of gluons/quarks.

tion of uncoloured composite objects by the emission of gluons, which will in
turn radiate g¢ pairs and so on, with each new parton nearly collinear with its
parent. Final objects obtained by this hadronization process are mesons and
baryons, detectable by their interaction in matter. The hadronization happens
in the same direction of the initial parton that originates the chain, and the
subsequent emission of particles around this direction, leads to a collimated
cone of quarks and gluons referred to as a jet.

1.4.1 Parton distribution function

The parton distribution functions (PDFs) are essential in the determination
of the cross section of processes in a hadron-hadron collision, giving informa-
tion of the initial state. The PDFs are defined as the probability densities
for finding a parton with a momentum fraction z, of the proton momentum
at a given factorization scale pupr. These functions cannot be calculated by
perturbative QCD but rather their functional form can only be determined
using experimental data at a fixed scale Q2. The PDFs are determined by
global fits to data from different experiments: deep-inelastic scattering (DIS),
Drell-Yan (DY) and jet production at current energy ranges. Three major
groups, NNPDF [34], CTEQ [35] and MRST [36], provide updates to the par-
ton distributions when new data or theoretical developments become available.
In addition, there are also PFD available from the two HERA experiments [37].
The results from deep inelastic scattering (DIS) at HERA play an important
role in determining these functions, due to the large phase space in Q2 and
the Bjorken variable z. The first LHC data has given important information
about the parton distribution functions (see for example the fig. 1.8). Dif-
ferent processes such as Drell-Yann, W/Z + jets, W/Z boson decays and jets
with a high transverse momentum (pr) may be very useful to constraint PDF's

23



1. Standard Model 1.4. MODELLING THE HARD PROCESS

and provide complementary information respect to those extracted from DIS
experiments. For example, the measurement of associated production of a W
boson and charm quark jet [38,39] is directly sensitive to the strange quark
and antiquark content of the proton. Precise measurements of this process at
the Large Hadron Collider (LHC) may significantly reduce the uncertainties
in the strange quark and antiquark parton distribution functions.

The fits to various sets of experimental data are performed within the
DGLAP (Dokshintzer-Gribov-Lipatov-Altarelli-Parisi) [40-42] evolution scheme
expressed by the following equation:

2 1
Of(x, Q%) _ O‘S/ %[paa,f(§,Q2)], (1.43)

z

dlogQ? 4w

where P is known as the Altarelli-Parisi splitting function that gives the
probability to have trasformation of parton with momentum z into another
with momentum z, as a consequence of the emission of one or more quarks or
gluons. The PDFs evolution with the factorization scale is predicted by the
the DGLAP equation (eq. 1.43) so the PDFs measured at one scale can be
used to predict the results of experiments at other scales.

1 0CMS Preliminary Q* =1.9 GeV?
' : . |EZ@ HERA DIS + CMS Jets
— HERADIS
0.8} :

Figure 1.8: Overview of the gluon, sea, u valence, and d valence PDFs before
(full line) and after (dashed line) the inclusion of the CMS inclusive jet data to
DIS data from HERA into the global fit. The PDFs are shown at the starting
scale @Q? = 1.9 GeV2. In addition the total uncertainty including the CMS
inclusive jet data is shown as a band around the central fit [43].
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1.5 Physics beyond Standard Model

Although the success in describing several particle physics processes, the Stan-
dard Model cannot be established as the ultimate theory of fundamental
physics as there are different aspects of experimental observations that do
not find a satisfactory explanation. The main aspects that have no answer
inside the SM are here summarized:

e The hierarchy problem affects the Higgs sector. This problem can be
expressed as the instability of the value of the Higgs boson mass and
appears when radiative corrections are included in presence of a physical
cut-off (A) that is placed at energies far above the electroweak scale.
To the Higgs propagator at the tree level (fig. 1.9(a)) one can add the
one-loop diagrams to correct it as shown in fig. 1.9(b) with the self-
energy correction Xz given by the fermionic contribution E{{, and this
later being easily computable from the corresponding Feynman integral
over the internal fermion momentum k. Integrating over all possible

(a) Tree level propagator for the Higgs (b) Loop correction to the tree level prop-
boson. agator of the Higgs boson.

Figure 1.9: Feynman diagram of the Higgs propagator.

loop momenta k, considering Ny degrees for fermion f with mass my
and Yukawa coupling gy , and keeping just the dominant terms for large
cut-off A, the mass correction as a function of A is:

97

dm% = N
H F 1672

A
2 2

There are two dominant contributions at high values of the cut-off: the
largest one that grows quadratically as A? and the other one that grows
as logA. Choosing for example the cut-off at the Planck energy scale, one
can find a huge correction that is 30 orders of magnitude larger than the
tree level squared Higgs mass (M7 ~ 103°M%). To solve the hierarchy
problem of the SM two different solutions are proposed. One assumes
new interactions and the Higgs boson as a composite particle while the
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other assumes new symmetries and the Higgs boson is an elementary
particle. At present there is not yet any experimental evidence therefore
if the observed Higgs particle is elementary is still an open question.

e Cosmological observations tell us that the Standard Model explains about
4% of the energy present in the universe. Of the missing 96%, about
24% should be Dark (non luminous and non absorbing) Matter whose
existence is by now well established. The observations show that Dark
Matter appears to make up about 85% of the matter content of the
universe. One of the indirect evidences of Dark Matter comes from mea-
surement of galactic rotation curve. The rotation velocity v of an object
on a stable Keplerian orbit with radius r around a galaxy scales following
the relation: v(r) oc \/M(r)/r where M(r) is the mass contained inside
the orbit. If r lies outside the visible part of the galaxy, the velocity is
expected to vary with r as v(r) o< 1/4/r. Instead in most galaxies one
finds that v becomes almost constant as the value of r increases. This
suggests the existence of a dark halo with mass density p(r) oc 1/72.
Candidates for Dark Matter must satisfy several requests: they must be
stable on cosmological time scales and must interact weakly with the
electromagnetic radiation. Possible candidates can be primordial black
holes, axions, sterile neutrinos and weakly interacting massive particles
(WIMPs). The strategies for the search of WIMPs can be divided into
two groups: direct and indirect search methods. In the first case it is
exploited the interaction through elastic scattering of Dark Matter par-
ticle with the ordinary matter that composes the detector. The other
method consists in the indirect search of evidence in cosmic rays or at
LHC where Dark Matter particle could be produced in pairs. The SM
does not individualize a proper candidate for Dark Matter. Explanation
of the origin of Dark Matter requires also a theory beyond the Standard
Model.

e The neutrino is treated as a massless particle, and flavour mixing is
not included. An explanation of the origin of non-vanishing neutrino
masses and neutrino oscillations that have experimental evidence re-
quire going beyond SM. Infact the Super-Kamiokande [44], SNO [45],
KamLAND [46] and OPERA [47] [48] experiments have observed that
neutrinos from one family can be transformed, by oscillation, to neutri-
nos of another family with frequencies proportional to their mass square
differences.

e Despite the Standard Model predicts that matter and anti-matter should
have been created in (almost) equal amounts if the initial conditions of
the universe did not involve an unbalanced ratio of matter to antimatter,
the universe appears made almost entirely of matter.

The CP violation has been observed in meson decays in the Standard
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Model and it implies that the system is not symmetric under combined
operations of charge conjugation (C) and parity inversion (P). However
it seems not to be enough to explain the cosmological observations about
this asymmetry.

e The gravitational interaction is not considered in the SM that includes
only electromagnetic, weak and strong interactions. One approach to
explain gravity inside the SM is to assume the existence of the graviton,
a hypothetical elementary particle that mediates the force of gravitation
in the framework of quantum field theory.

There is therefore the need of some new theoretical models to give solutions

to these open questions. One of the theories that attempt to overcome the
Standard Model is Supersymmetry (SUSY). Supersymmetry is an extension
of the Standard Model and it expects an additional class of symmetries to
the Lagrangian. These symmetries exchange fermionic particles with bosonic
ones. Such a symmetry predicts the existence of supersymmetric particles, the
sparticles, which include the sleptons, squarks, neutralinos and charginos.
As a consequence each particle of the SM would have a superpartner whose spin
differs by 1/2 from the ordinary particle. SUSY solves the hierarchy problem
by the additional contributions from sfermions. When computing the one-loop
radiative corrections to the Higgs boson propagator in SUSY theories one has
to add new contributions from the scalar fermion partners. In SUSY models
an extra symmetry, called “R-parity”, is added. A new quantum number (Pg)
defined for each particle is conserved:

Pr = (—1)3(B-1)+2s (1.45)

with B, L and s the baryon number, the lepton number and the spin respec-
tively. An important consequence of the R-parity for Dark Matter Physics is
that it provides a natural particle candidate for explaining the Dark Matter:
the Lightest Supersymmetric Particle (LSP) that, due R-parity, is stable.
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Chapter 2

Z+b process at LHC

The Z boson, since its discovery at the Super Proton Synchrotron (SPS) [49]
in the early 1980s, has been the subject of detailed measurements both at ete™
and hadron colliders. Many precision measurements of its properties have been
performed by the ALEPH, DELPHI, .3 and OPAL experiments at the large
electron-positron collider (LEP) at CERN [13]. At Tevatron the single boson
production has been explored in a hadron collider with a center of mass energy
Vs =1.96 TeV (Run2) by CDF [50] and DO [51] [52] experiments. In addition
precision studies of the production of Z boson in association with jets [53],
with heavy flavour quarks [54] [55], become possible. The LHC collider gives
the possibility to measure the associated production of Z and jets at a higher
center mass energy with respect to previous experiments and the study of these
types of processes allows to perform tests on perturbative Quantum Chromo-
dynamics, and to set better constraints on the parton distribution functions.
Moreover the production of Z boson with jets process is one of the dominant
background for Standard Model measurement as in the Higgs boson context
and also for physics beyond Standard Model. The discovery of new physics
goes through a detailed understanding of the Standard Model processes.

The theoretical predictions used for the comparison with these measurements
have been extended and improved. For measurements of single vector bo-
son production in association with jets, calculation at next-to-leading order
(NLO) for up to five partons in the final state are available. The magnitude
of the theoretical uncertainties in these calculations are comparable to those
of the experimental uncertainties [56]. The theoretical predictions for the
heavy flavour production are less well known compared to ones for the inclu-
sive Z+jets and this is a further reason why the process with a Z associated
with b quarks is really interesting as it can provide important experimental
constrains to improve the theoretical description of this process.
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2.1 Heavy flavour description in pQCD

The treatment of events containing b quarks in the initial state is not trivial
because of their heavy mass my ~ 4.7 GeV. Processes involving the production
of bottom quarks are generally described in perturbative QCD employing two
different schemes: 4-flavor (4F) [57] or “massive” scheme and 5-flavor (5F) [58]
or “massless” scheme.

2.1.1 4-flavor scheme

The cross section of the processes involving a b quark is characterized by two
different scales, the scale (Q of the hard process and the mass of the b quark
mp and in perturbative calculations logarithms and power of the ratio mz /Q?
are present. In the 4-flavor scheme only 4 light quark density functions are
included in the initial state while the heavy quarks do not contribute to the
proton wave-function. The b-parton distribution functions are set to zero and
do not enter in the computation of the running coupling constant and in the
evolution of the PDFs. Bottom quarks are significantly heavier than the pro-
ton so, in high-Q? interactions, they can only be created as a massive particle
in the final state. Calculations at next-to-leading-order (NLO) in QCD in this
scheme are available for different processes relevant for hadron collider phe-
nomenology and also the associated production of vector bosons and b quarks:
pp — Vbb+ X with V=W,Z [59,60]. No prediction at next-to-next-to-leading-
order (NNLO) in QCD in the 4-flavor scheme are, instead, available for any
relevant processes at LHC.

2.1.2 5-flavor scheme

When the typical scale @) of the process, such as the transverse momentum
of the bottom quark or the mass of the Z boson, is higher than the mass
of the heavy quark a natural approach to describe the production of bottom
quark is the 5-flavor scheme where an initial state parton density function for
a massless b quark is included in the calculation. In this case the b quark
density includes the gluon splitting ¢ — bb where one of the b quark remains
at low transverse momentum (pr) and is integrated out, while the other is
involved in the hard scattering and emerges at high ppr. Logarithms of the

type:
2

as log Q—2, (2.1)

my,
arising from the splitting of the initial heavy quarks and gluons appears in
the cross section calculation and are resummed in the b quark parton density
function. The origin of these logarithms is due to the process of gluon splitting
into a heavy quark-antiquark pair. The gluon splitting can arise both from an
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initial state radiation or a final state radiation. Final state logarithms can be
resummed, using techniques such as fragmentation functions.

The large initial state logarithms can be resummed into a b parton density
function to all orders in perturbative QCD using the DGLAP evolution equa-
tion [40-42]. All possible multiple collinear gluon emissions from the initial
state are summed up to all orders in «y. This approach is realiable if the b
quark mass can be considered small respect to the typical scale of the process.
The 5-flavor scheme shows two main advantages compared to the 4-flavor
scheme. The logarithms related to the collinear splitting of the initial gluons,
proportional to log(Q?/m;) present in the four-flavor scheme, are resummed
to all orders. The consequence of that is a more convergent perturbation series
in this approach. The second advantage is the simplification of the calculation
being the LO process in the five-calculation simpler and that implies higher-
order corrections calculable more easily. In the 4-flavor scheme instead, the
computation is more complicated due to the presence of massive final states
and higher multiplicity. There are many differential NLO calculations avail-
able in this scheme for different processes relevant at LHC [61].

The two schemes are used in different and complementary regimes de-
pending on the energy scale () of the process considered with respect to the b
quark mass. The two approaches are equal at all orders in perturbative theory
but may give different results at finite order. The difference between the two
schemes has been explored to quantify the size of such logarithms for different
processes at the LHC. Recent studies [62] have shown that at LHC logarithms
resummed in the PDF of the b quarks are not so large to spoil the convergence
of the perturbative series of the 4-flavor scheme whose results are in general
well behaved. The size of the effect of initial state collinear log % has been

evaluated to be always modest. The reason of this result can be gscribed to
the fact that the effective scale ) which compares in the initial state collinear
logarithms, proportional to the hardest scale in the process, is modified by
universal phase space factors whose effect is to reduce the size of logarithms
for processes taking place at hadron colliders.

2.2 Z+b process

The production of b-quarks in association with a vector boson Z is a chal-
lenging topic both under a theoretical and experimental point of view. It
is interesting to study both the process with a Z boson and exactly 1 b jet
(“Z41b jet” production) and also that with a Z boson associated with at least
2 b jets (“Z42b jets” production). Both are important especially for precision
test of QCD since the two different final states involve different production
mechanisms. The study of the Z+1b and Z+2b jets processes provides infor-
mation to distinguish between different approaches in theoretical calculation
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(4-flavor scheme, 5-flavor scheme). Moreover it is interesting to compare the
measurements with theoretical predictions based on next-to leading order cal-
culations also including full bottom quark mass effects. From a study of the
leading order cross section, finite bottom-quark mass effects are expected to
affect both the total and differential Zbb cross sections, mostly in the region of
small bb pair invariant mass [63]. Also, the Z+1b jet process can be explored
to study the b content of the proton PDF while the production of a Z boson
in association with two or more b jets is of interest in the context of searches.
The study of these two processes can benefit if they are estimated simultane-
ously because of the inefficiencies in the tagging of jets from a quark b causing
the migrations of events from one sample to the other.

At present several experiments have been involved in these studies. The cross
section for Z production with b jets has been measured at the Tevatron collider
at Fermilab (y/s = 1.96 TeV) by both the CDF [54] and DO [55] collaborations.
For the first time CDF experiment has shown the differential measurements
as a function of the kinematics of the jets and Z boson and the number of jets
in the event, allowing NLO QCD prediction to be tested over a wide range
of final-state observables. No full NLO QCD calculations were available for
this process so large variations between the theoretical predictions have been
observed. The predictions generally describe the data, but the agreement is
better for those predictions that use a low value for the renormalization and
factorization scales. These measurements have provided a unique opportunity
to test the theoretical description of heavy-quark jets at hadron colliders by
performing a comparison between the Tevatron experimental data and existing
theoretical predictions. Studying the same cross sections in the very different
kinematic regimes available at the LHC proton proton collider is then of great
interest and represents a crucial test of our understanding of QCD at high-
energy colliders. Moreover at Tevatron the dominant production diagram is
through ¢ — Zbb whereas at the LHC it is through gg — Zbb. The CMS
experiment has already performed a measurement of the Z+b jet cross-section
with exactly one b jet and with at least two b jets in the final state using
an integrating luminosity of 5 fb~! at an center mass energy of 7 TeV [64].
The results have been compared to MADGRAPH, aMCQNLO and MCFM
predictions. The measured cross sections are found to be in fair agreement
with MADGRAPH and aMC@NLO while the MCFM results differ by approx-
imately two standard deviations from the data. Also the ATLAS experiment
has performed this measurement at /s = 7 TeV using a data sample with
an integrated luminosity of 4.6 fb=! [65]. The cross section as a function of
different observables has been measured for events with a Z boson and at
least one or two b tagged jets. These results have been compared to next-to-
leading order predictions provided by MCFM and aMCQ@QNLO showing a good
agreement between theoretical expectations and data. Predictions with NLO
matrix element calculations have been obtained using aMCQ@QNLO with both
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the 4-flavor and 5-flavor approach. The Z+4>1b data are better described by
the 5FS prediction while the 4FS prediction shows a better agreement with
the Z+4>2b data. For the Z+>2b differential cross sections, all the predic-
tions provide reasonable descriptions of data within the large experimental
uncertainties. However there is some evidence for disagreements between pre-
dictions and data at low values of the invariant mass of the two b tagged jets
and low values of the angular separation between the directions of the two b
tagged jets (AR(bb)).

2.2.1 Associated production of Z boson and a single b jet

The main leading order (LO) contribution (O(as)) for the process with one
Z boson and a single b jet is gb — Z + b and the corresponding tree level
Feynman diagrams are shown in fig. 2.1. The subprocesses that enter in the
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Figure 2.1: LO diagrams for the associated production of a Z boson and a
single b-quark (¢b — Z +b).

next-to-leading order (NLO) calculation of gb — Z + b are:
e gb — Zbq
e gb— Zbyg
e gg — Zbb when one b is missed

Next-to-leading order calculations (O(a?)) for this process are available in the
5-flavor scheme approach (with my = 0) [58].

Another process that contributes to the Z production with only one b jet is
qq — Zbb, where one b is missed and with the Z boson radiated off the initial-
state quarks or the final-state quarks. We can have only one b jet in the final
state if one of the two b quarks produced is missed because it is outside the
coverage of the detector or because the two b-quarks are collinear so they are
clusterized in the same jet. This calculation is carried out at leading order
with a non-zero b mass. An alternative calculational scheme is to consider
g9 — Zbb as the leading-order process (with my; # 0), and to allow one b
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quark to be emitted collinear to the beam, yielding a final state with Z bo-
son with a single b quark. This approach however implies two difficulties to
face: the expansion parameter in the perturbation theory has an additional
factor log(Mz/my) that multiplies the coupling constant a; making the the-
ory less convergent and NLO corrections are more difficult to obtain respect
to gb = Zb being one more particle in the final state.

2.2.2 Associated production of Z boson and at least two b jets

The processes that contribute to the associated production of a Z boson and
at least two b quark jets (Z+420b jets) are:

o qj — Zbb
e gg — Zbb

The leading order Feynman diagrams for the subprocess qg — Zbb are shown in
fig. 2.2 where we have the production through the gluon splitting mechanism
or a Z boson emitted from initial or final fermion lines. In fig. 2.3, instead,

q —— /NN q b

Figure 2.2: Leading order Feynman diagrams for the associated production of
a Z boson and at least two b jets.
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the leading order Feynman diagrams contributing to the gg — Zbb subprocess
are presented. At hadron colliders, QCD effects are not negligible so have to
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Figure 2.3: Leading order Feynman diagrams for gg — Zbb. The circled
crosses correspond to all possible insertions of the Z boson, each one repre-
senting a different diagram.

be taken into account to obtain precise theoretical predictions. Since at high
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energies the QCD is a perturbative quantum field theory (pQFT), QCD effects
at collider energies can be calculated order by order in the strong coupling
constant for the Zbb process. New production channels at higher orders of
the perturbative series open in this way. The O(ay) corrections to g — Zbb
leading order subprocesses consist of the self energy vertex and box diagrams
illustrated in fig. 2.4, 2.5, 2.6 where the Z boson is emitted from the initial
fermion line (¢ or q). We have similar contributions (O(«as)) when the Z
boson is emitted from the final fermion line. Also the corrections O(ay) to
gg — Zbb have to be considered. These virtual contributions consist of the self
energy and box diagrams. The production of Z boson with two b jets has been
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Figure 2.4: Gluon and quark O(«) self-energy corrections contributing to the
qq — Zbb subprocess at NLO. The shaded blobs denote standard one-loop
QCD corrections to the gluon and quark propagators, respectively.
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Figure 2.5: O(as) vertex corrections contributing to the gg — Zbb subpro-
cesses at NLO. The shaded blobs indicate the standard one-loop QCD correc-
tions to qqg, bbg and qqZ vertices.
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derived at NLO in QCD using the 4-flavor scheme first in the massless b-quark
approximation [66,67] and also including fully the b quark mass effects [68-70].
These studies show that in kinematical distributions the b quark mass effects
can have a significant impact, particularly in phase space regions where the
relevant observables are of the order of the b quark mass.
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Figure 2.6: Examples of O(«) box diagram corrections contributing to the
qq — Zbb subprocess at NLO.

2.3 Monte Carlo Generators

The structure of events produced in high energy colliders is complex and nu-
merical simulations are needed to describe them. Theoretical calculations
illustrated in the previous sections are employed inside Monte Carlo genera-
tors that provide a detailed description of the final state so that experimental
observables can be predicted and compared with experimental data, giving
the possibility to test different models.

This section presents the main approaches adopted by the Monte Carlo gen-
erators to reproduce the hard scattering in a hadron collision. Inside Monte
Carlo generators the complex production of realistic events is implemented
subdividing into a sequence of steps that can be treated separately with the
help of both analytic and numeric computations. Several event generators
using different approaches and methods in the calculations are available, each
with computations at different level of precision in perturbation theory.

The structure of a proton-proton collisions at the LHC as built up by event
generators can be summarized by the following sequentially main steps:

e hard process

e parton shower

e hadronization

e underlying event

e unstable particle decays

A schematic representation of the different steps that are implemented in event
generators is shown in fig. 2.7.

2.3.1 Matrix Element algorithm

The first step in the generation of events is the description of the hard processes
cross section. The most natural way to study the hard scattering process is
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Figure 2.7: Schematization showing the structure of a proton-proton collision,
in which the different colours indicate the different stages involved in event
generation. The event represented contains the hard event followed by hard
decays of two heavy unstable particles (red), and two more hard parton inter-
actions (purple). The partons are dressed with secondary radiation as well,
before the parton ensemble is transformed into primary hadrons which then
decay further (green).

to compute the squared amplitudes of the corresponding Feynman diagrams,
order by order, integrating them over the appropriate phase space. The Ma-
trix Element method consists in the exact calculation of the matrix elements
applying the Feynman rules in perturbative QCD. In principle this approach
could provide an analytical and complete solution of the problem. However it
is evident the complexity of this approach, so predictions obtained at the lead-
ing order of the perturbative expansion are most common. Loop calculations
from a computational point of view are complex and they are available only
for a limited number of processes. The Matrix Element calculation reliably
describes the fundamental parton interaction, characterised by hard momen-
tum scales, but does not correctly handle the emission of soft and collinear
radiation. There are two problems to face that may cause the divergence of the
cross section calculated with the Matrix Element method: the presence of a
high number of soft partons with low transverse momentum (soft divergences)
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and the situation in which a radiated parton is collinear to the emitted parton
(collinear divergences). At leading order it is not possible to treat these types
of divergences without loop corrections so the only solution is to perform the
matrix element cross section calculations away from soft and collinear diver-
gences. The only Matrix Element method is therefore inadequate to produce
realistic events, phase-space regions omitted from the matrix element calcu-
lations need to be recovered. In order to cover also regions where partons
become soft and colliner, the Matrix Element method has to be integrated
with the Parton Shower.

2.3.2 Parton Shower algorithm

Parton Shower is an approximate method to remove the soft and collinear di-
vergences at each order in perturbation theory. The deletion of the divergences
is mimed by using the Sudakov factors. The starting point is to “factorize”
a complex 2 — n process (where n represent the number of the partons in
the final state) into a simpler process 2 — 2 convoluted with showers to add
the remaining partons as shown in fig. 2.8. The parton showers are described

ISR 2—2 FSR

Figure 2.8: The “factorization” of a complex 2 — n process.

by this algorithm as a sequence of splittings of the type a — be ( where a, b
and c are generic partons) for each of the coloured partons in the initial and
final state where each event can happen with a certain probability. At each
branching, part of the energy of the primary parton is carried away, and the
momentum of the partons in the shower becomes softer. Each parton has a
certain probability of emitting another one parton carrying out a fraction z
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of its energy according to the Altarelli-Parisi splitting functions P,(z). Both
Final State Radiation (FSR) and Initial State Radiation (ISR) must be sim-
ulated by the event generator with the Parton Shower algorithm. The first
consists in the production of further radiation by the final state partons while
the initial-state shower is initiated by the partons inside the incoming hadrons
and is terminated at the scale at which the hard scattering occurs. The struc-
ture of initial-state radiation is more complicated than that of FSR, since the
complex structure of the incoming hadrons which enter in the hard process. A
proton is made of three valence quarks, uud, plus the gluons that bind them
together. However gluons are continuously emitted and absorbed by quarks,
and each gluon may temporarily split into two gluons or into a gq pair.

Matching Matrix Element and Parton Shower algorithms

Matrix Element (ME) and Parton Shower (PS) calculations show different
applicability limits. The ME well describes separated parton configurations,
in regions of the phase space free of the soft and collinear approximations and
calculations are exact to a given order in perturbation theory. Parton Shower
method is, instead, an approximation derived from QCD that is valid in the
collinear and soft limits so favoured to describe the structure of jets, but may
fail in describing well separated parton configurations.

The two techniques are therefore complementary and a combination of the
two approaches would be the best solution for the extraction of theoretical
predictions to compare to hadron collider data. The main problem to face in
the merging of ME and PS is the definition of the separation between the hard
component of the process, that is solved with matrix element calculation, and
the soft and collinear emission that is treated in parton shower. There is an
intrinsic ambiguity: an event with N jets can be produced either from the
showering of the IV final state partons, or from N — 1 final state partons plus
an additional hard emission during the shower evolution.

To avoid double counting in the phase space regions where there is an overlap
between the Matrix Element calculation and the Parton Shower a specific
prescription, matching scheme, is introduced. The simple solution is to apply
a cutoff, known as matching scale. All the branchings occurring at a scale
harder than the matching scale are treated by the Matrix Element, while
softer radiation emissions are left to the parton shower. Several matching
schemes have been developed, such as the MLM and the CKKW [71,72].

2.3.3 Hadronization

The perturbative theory is valid until the partons reach the energies of about
1 GeV that is where the strong coupling constant becomes so strong that
non-perturbative effects become important. One of the most important non
perturbative effects to take into account is the hadronization which converts
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colour partons into uncoloured composite objects (mesons and baryons). The
physics mechanisms explained so far, implemented in the event generators,
are mainly related to the partonic level while, from an experimental point of
view, the final objects are hadrons. So also a hadronization phase, where all
the outgoing partons end up confined inside hadrons has to be implemented
inside generator events. Several phenomenological models, inspired to QCD,
have been developed to describe this non-perturbative process. The main
approaches in use are cluster fragmentation and string fragmentation.

e Cluster fragmentation.

It starts with the gluon splitting ¢ — ¢¢ after the Parton Shower and
all quarks are clustered in color singlets with a mass of a few GeV.
The clusters formed are characterized by their mass and flavor quan-
tum numbers and are treated as resonances that decay into a pair of
hadrons proportionally to their phase space. Only the very lightest clus-
ters are converted directly into hadrons, whereas heavier clusters may
either convert into heavy hadrons or decay into lighter clusters.

e String fragmentation.
In this model the QCD potential between two quarks that form the
simplest color singlet system (qq) is parameterized at low scale by field
lines compressed to a tube-like region by self interactions among soft
gluons. The potential is given by:

V(r)= 3 + kr, (2.2)
where r is the radial distance between the two quarks and & is the string
constant, i.e. the amount of energy per unit length whose value is k ~ 1
GeV/fm from hadron spectroscopy. Neglecting the first term that rep-
resents the Coulomb potential, the energy stored by the quark pair in-
creases linearly with the separation between them. The string represents
the field line connecting two quarks and the force field is linearly increas-
ing with the distance according to the QCD potential shown in eq. 2.2.
Therefore with the separation of the two quarks the potential energy
grows linearly until it reaches a level beyond which the string breaks
forming a new quark pair ¢ ¢ as shown in fig. 2.9. Two new pairs are
then formed, ¢¢ and ¢ g, and if the invariant mass of either of these
pairs is large enough the strings can break again, otherwise the process
stops.

2.3.4 Multiparton interaction model

In Monte Carlo modelling contexts, multiple parton interactions (MPI) denote
the possibility of having multiple partonic interactions occurring within the
same bunch crossing. A consequence of MPI is thus the possibility of observing
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Figure 2.9: Illustration of string breaking by quark pair creation in the string
field.

several distinct (i.e., hard) parton-parton interactions in some fractions of
hadron-hadron events. The first Monte Carlo model to implement the MPI
was proposed by Sjostrand and Van Zijl [73], it remains the basis for most
modern implementations as described in [74]. An intuitive way of arriving
at the idea of multiple interactions is to view hadrons simply as ’bunches’
of incoming partons. No physical law then prevents several distinct pairs of
partons from undergoing scattering processes within the same hadron-hadron
collision.

2.3.5 PYTHIA

PYTHIA [75] is a Monte Carlo event generator capable of modelling a large
number of hard scattering processes, including a set of physics models for
the evolution from a few-body hard process to a complex multiparticle final
state. This generator has been optimized for 2 — 1 and 2 — 2 hard scattering
processes but it does not allow the simulation of 2 — n, with n > 3, hard
scattering processes. No higher order loop corrections are included in the
event simulation; however, the Parton Shower allows PYTHIA to approximate
higher order behavior e.g. the processes 2 — 3, 2 — 4 etc...

It uses the Matrix Element algorithm for the cross section calculation at the
first order in perturbation theory while for higher order diagrams, like ISR
and FSR gluon emission, it uses the Parton Shower algorithm. In each event
generated by PYTHIA the following steps are carried out:

e incident beam particles provided
e initial state radiation (ISR) performed (if needed)
e hard scattering performed

e final state radiation (FSR) performed (if needed)
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e colored particles are hadronized into color singlet states using the Lund
string model [76]

e unstable particles decay

At the end of the steps above, a list of stable particles is provided for each
event.

Generator Tunes

The achievable accuracy in Monte Carlo generators models depends on the
sophistication of the simulation. An important ingredient for that is the de-
velopment of improved theoretical models but it also depends crucially on
the available constraints on the remaining free parameters. For some Monte
Carlo generators such as PYTHIA, different parameters have to be adjusted
to better fit some aspects of the data. A specific set of these parameters is
referred to as “tune”. A phenomenon that needs to be considered in hadron
colliders is the underlying event (UE), that is everything in single particle col-
lision except the hard process of interest. Components of UE are: initial and
final state radiations, beam-beam remnants and multiple parton interactions.
The increased activity in the underlying event of a hard scattering collision
over that observed in soft collisions cannot be explained solely by ISR. This
is originated by secondary interactions between beam remnants and between
partons that do not participate in the hard interaction. The generation of
the underlying event is a complicated process and several phenomenological
models have been developed to describe it. A hard scattering is more likely
to occur when the beam hadrons overlap and this is also when the probability
of a MPI is the greatest. The transverse region is sensitive to the underlying
event and the MPI parameters have to be tuned to fit the data. Besides the
underlying event, also the hadronization step has to be tuned to data.
In CMS, a series of tunes for PYTHIA have been developed on the basis of the
results obtained in the pre-LHC era [77,78] but after the start of LHC, a series
of new versions of PYTHIA (version 6.4) tunes have been provided. For this
work the Z2* tune has been used both for signal and background Monte Carlo
samples. The Z2* tune is derived from previous tunes: Z2 and Z1 [79] which
uses the CTEQ5L parton distribution set, whereas Z2* adopts CTEQG6L [80].
An important set of parameters that has to be tuned is related to the reg-
ularization of the 1 /]A)%, divergence of the leading order partonic scattering
amplitude that arises when the final state parton transverse momentum pr
approaches 0. PYTHIA performs this regularization through the replacement
1/py — 1/(p%+D%,) where Pro is a transverse momentum cutoff parametrized
as:

pro(vs) = pro(v/s0) - (V's/v/50)%, (2.3)
where /59 is the reference energy at which prg is determined and € is a
parameter that describes the energy evolution. A single value of prq is used
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to regularize both the hard scattering and MPI. For smaller values of prg
and ¢ more MPI activity is predicted. The Z2* adopts optimized values for
pro = 1.921 GeV and its energy rescaling ¢ = 0.227.

2.3.6 MadGraph

MadGraph [81] is a leading order matrix element generator which does not
generate the whole event but it only simulates the hard scattering of a collision
event. So it provides a precise calculation of the Matrix Element but it needs
to be completed with the Parton Shower done by other programs, for example
PYTHIA, to produce the whole event. The advantage in using MadGraph is
that it allows to simulate 2 — n (with n > 2) hard scattering processes, while
the case with n > 3 is not possible in PYTHIA as we have already discussed. It
can generate matrix elements at the tree-level for any Lagrangian based model.
The generator will simulate matrix elements for decays of heavy particles like
Z or W* and 2 — n hard scattering processes simultaneously creating the
Feynman diagrams that correspond to these processes. The Matrix Elements
simulated by MadGraph are at tree level so virtual emission and loop diagrams
are not included in the calculation of the hard scattering process. First, the
initial and final state particles of a process in terms of initial and final state
particles have to be specified and as a result, MadGraph generates all Feynman
diagrams for that process. The parton level process (for example ¢Gg — Zb) is
defined and MadGraph calculates the Born amplitude while Parton Shower,
clustering partons into jets, hadronization and decays are carried out by the
Parton Shower. Using the MadGraph event generator it is possible to simulate
the associated production of Z boson and one or more b quarks at tree level.
Currently both calculations with the two approaches, 4-flavor scheme and 5-
flavor scheme, are available within MadGraph.

2.3.7 POWHEG

The POWHEG-BOX [82] (Positive Weight Hardest Emission Generator) is
another approach to match NLO matrix element computations with Parton
Shower simulations.

The basic idea in POWHEG-BOX is to generate the hardest radiation first
and then to let the simulation of the event to any Parton Shower generator
for subsequent softer radiation. In shower generators ordered in transverse
momenta, the hardest emission is always the first, and in this case POWHEG-
BOX simply replaces the hardest emission with its own NLO emission while in
angular ordered showers, instead, the hardest radiation could not be the first
in the shower chain. In this second case, in fact, the largest angle emission
takes place earlier in the shower development, in order to account for coherent
soft gluon emission from a bunch of collinear partons and the interface with
POWEHG-BOX has to be treated with the so called “truncated showers”
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algorithm [83]. Differently from the case of MadGraph in which both the 4-
flavor scheme and the 5-flavor scheme approches are applied in the calculation,
within POWHEG-BOX the Z 4 b process is calculated only in the 5-flavor
scheme.

2.4 Z-+Db final state

Accurate modelling of the Z boson produced in association with b-quark jets is
of great importance in a collider physics program. The study of that allows to
improve our knowledge on the heavy-quark content in the proton and to better
understand the difference between the two approaches (massive and massless
b-quark) in calculations. Measuring different kinematic observables in Z + b
final state topology is a powerful tool to test QCD predictions with different
implementations (LO multileg+PS, NLO, NLO+PS) and also it allows to tune
constants and parameters chosen to describe the process in the Monte Carlo.
Moreover, the production of a Z boson with one or two b jets is an irreducible
background for several Higgs boson production channels at the LHC and also
for various beyond Standard Model searches. In this section the relevant
processes that involve the associated production of the Z boson with b quark
both in the Standard Model and in the searches context are described.

2.4.1 7Zb polarization asymmetry

The Standard Model of particle physics has been very successful in describing
three out of the four fundamental interactions. It contains several parameters
which have been precisely measured and compared to their predictions in or-
der to show the consistency of the theory. Several electroweak precision tests
have been carried out by the LEP experiments at CERN [84]. Most of the
theoretical SM predictions have been confirmed by the related experimental
measurements but at least one experimental result still appears in some siz-
able contradiction with the SM. The measurement of the forward-backward
asymmetry of bb production at the Z peak AY  [85] shows, in fact, a discrep-
ancy of the order of 2.80. The production of a bb pair through the reaction
ete™ — bb (fig.2.10) has been studied at LEP at the Z° resonance. Defining
as 0 the angle between the incoming electron and the outgoing b quark, it is
possible to express the differential cross section in the following way:

do
dcosf

o 14 cos? 0 + gA%B cos ), (2.4)

with

3 296 ge 2gb gb
’ ) A, (2.5)

Ars = 1o+ (02 2 + ()
f

where g;, and gf; are the weak vector and axial couplings between the Z and
the fermion f defined by:
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6_ h

Figure 2.10: Feynman diagram of a positron-electron annihilation with the
production of a bb pair at /s = my, Z resonance.

a .
gh =1 - 2‘%’ sin® Oy, (2.6)
gh =1, (2.7)

with Tg the longitudinal component of the weak isospin of the fermion f.
f

Defining the forward and backward cross section (respectively o and Ué)
with respect to the polar angle 6:

' dN O 4N
or /0 dcosf 75 /1 dcosf (28)

The forward-backward asymmetry of the fermion A{, p can be directly evalu-

ated knowing the dependence by af; and U};:

Opn — 0
Afp=—L—5. (2.9)
Op + 03

The forward backward asymmetry defined can also provide information about
the Z boson coupling to fermions at its pole being;:

3 gagv 3

The asymmetry AII’, p has been measured at LEP and independent measure-
ments were also performed at the Stanford Linear Collider (SLC) using polar-
ized electron beams. The results for A%, are the following [6]:

Al g ep = 0.0992 £ 0.0016 Ay = 01037 40,008, (2.11)

which gives a deviation between theory and experiment of 2.80. As the A% B
parameter shows the biggest deviation with respect to the SM expectation
hence it is necessary to provide an independent measurement identifying a
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specific observable defined at LHC. We shall consider the process of associ-
ated production of a Z boson and a single b-quark, shown in fig.2.11, defined
at parton level by subprocesses bg — bZ involving two Born diagrams with
bottom quark exchange in the s-channel and in the u-channel. In this process

Figure 2.11: Feynman diagrams for the production of a Z boson and one b
quark.

the vertex Zbb is involved and it is possible to build an experimental observ-
able (Az) that enters with the same combination of the couplings as in the
asymmetry measured at LEP/SLD.:

Ap=Tn 0% (2.12)
Ozr t 02z,

where 0z, is the cross-section for the production of a right-handed Z boson,
so the projection of the Z boson spin on its momentum direction is positive.
The Standard Model expression of Az contains Ap, a quantity that appears
in the expression of A% given by the eq.2.10 (where f = b).

Measuring the Az parameter in the Z+b process, a proportionality coefficient
between Az and A, can be extracted and so we can obtain an indirect mea-
surement of A%, - Recent studies [86] indicate that Az is almost free from
theoretical uncertainties related to QCD scale variations as well as to pdf set
variations. This property strongly suggests that a measurement of Az at LHC
could be a promising candidate to clarify the discrepancy observed between
SM expectation and the measurement of A% p at LEP1.

2.4.2 Standard Model Higgs decay into bb

The coupling constant between the Higgs boson and the fermion f (with mass
my) can be written in terms of the Fermi constant G as:

Grry = [V2G 5] *my. (2.13)

From this expression it is evident that the Standard Model Higgs boson couples
with a fermion f with a strength that is proportional to its mass. The Higgs
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boson partial decay width to fermions can then be expressed as:

o GpMy
P(H = 1) = K=

where K = N, number of colors if f is a quark, K = 1 if f is a charged
lepton. The decay width expressed in eq. 2.14 shows that the dominant decay
process for a Higgs boson at 125 GeV is H — bb (with a branching fraction
of about 0.56 [87]) as the decay into t¢ pair is only possible for an heavier
Higgs boson. For this decay channel, in a hadron collider, the inclusive signal
is overwhelmed by QCD production of bottom quarks. In order to suppress
the large QCD background also the search for the associated production of
the Higgs boson with a W or Z boson is performed (fig. 2.12). In this case
one of the main backgrounds arise from the production of vector bosons in
association with heavy quarks jets.

mA(ME) (1 —4-—1)32, (2.14)

w/Z

w/z*

Figure 2.12: Feynman diagrams for the production of the Higgs boson in
association with a vector boson (W,Z)

2.4.3 Fourth generation of heavy quarks

The Standard Model currently describes the presence of three fermion families,
however the number of generation is not fixed by the theory. The asymptotic
freedom constraint from QCD only sets an upper limit to the number of fam-
ilies equal to 9. Measurements of the hadronic production cross section at the
LEP experiment [13] predicted the number of light neutrino families. Neutrino
counting at the Z pole shows that the number of generations with light neu-
trinos is equal to 3. However additional heavier neutrinos cannot be excluded.
Therefore it is meaningful to search for a possible fourth SM familiy. Thus
the possible existence of a fourth generation remains an important subject for
experimental investigation because of the significant impact on the Standard
Model parameters and possible solution to solve open problems of the Stan-
dard Model. Additional massive quarks may, indeed, provide an answer to the
problem of the matter-antimatter asymmetry in the Universe [88].

Different models propose the extension of the number of generations of quarks
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and leptons adding a new doublet with a t and b'. The Standard Model pro-
duction of Z boson and b quark is important because it represents the main
background for the process (shown in fig.2.13):

b — Zb, (2.15)

Searches for new fourth generation heavy quarks have been performed both
by ATLAS [89] and CMS experiments. ATLAS experiment has presented a
search for pair production of heavy down-type quarks in data corresponding
to an integrated luminosity of 1.04 fb~! from proton-proton collisions at a
mass center energy of 7 TeV. A heavy down-type quark with mass less than
480 GeV has been excluded at the 95% confidence level. A search for pair-
produced heavy vectorlike charge-2/3 quarks, T', in proton-proton collisions at
a center of mass energy of 7 TeV, is performed with the CMS detector. A T
quark with a mass less than 475 GeV is excluded at the 95% confidence level.

Figure 2.13: Decay chain in ¢q anihilations of the b, 4th generation of b quarks.
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Chapter 3

The CMS Experiment at LHC

The Standard Model of particle physics has successfully undergone many pre-
cision tests at high energy colliders. Extensive consistency and precision tests
have been performed, providing stringent constraints on the Standard Model
parameters over a wide range of energy. However, as already discussed, there
are still missing elements and different aspects do not find a satisfactory ex-
planation within this theory. In order to seek answers to fundamental particle
physics questions new energy regimes have to be explored. The Large Hadron
Collider (LHC) has been built up to make these new territories accessible in
high energy physics. LHC is a proton-proton collider and offers the possibility
to span over a wider energy spectrum and also to reach higher production
rates. The accelerator principles and characteristics will be briefly reviewed in
the first part of this Chapter. In the second part, the experiment this work is
involved in, the Compact Muon Solenoid (CMS) is described in more detail.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [90] is the largest and most powerful hadron
collider ever built and it has been designed to run for the next two decades. It
has been installed in the underground tunnel which housed the Large Electron
Positron Collider (LEP) [13] in operation until 2000 at CERN laboratories in
Geneva, Switzerland. The transition from a leptonic collider to a hadronic
collider has brought the advantage to build a machine with the same size of
the previous one, but that can reach a higher energy in the center of mass
frame because of a lower amount of energy loss through synchrotron radiation
emitted by the accelerated particles. Two counter circulating proton beams
flow in the 27 km LHC ring, at a depth varying from 50 m to 175 m. LHC
has been designed to operate at a center mass energy of /s =14 TeV, there-
fore providing parton-parton collisions up to energy of about 1 TeV, and with
a very high collision rate in order to favour the study of the production of
rare particles. These features are particularly important for a machine ded-
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icated to the discovery of “new” physics as well as to test the limits of the
current Standard Model of Particle Physics. Also heavy ions (lead nuclei)
may be accelerated by LHC at an energy of 2.76 TeV /nucleon in the center
of mass frame. To reach such a high energy, the proton beams acceleration is
performed in separated stages. The proton source is a duo-plasmatron: the
protons are produced by removing electrons from a source of hydrogen gas and
then sent to the LINAC2 [91], a linear accelerator 36 m long that, using Radio
Frequency Quadrupoles (RFQ) and focusing quadrupole magnets, generates
a 30 ps pulsed beam with an energy and intensity respectively equal to 50
MeV and 180 mA. The beam is subsequently sent to the Proton Synchrotron
Booster (PSB) [91] the first circular accelerator of the series, consisting of four
superimposed synchrotron rings of circumference equal to 157 m, in which the
energy of the protons is increased to the value of 1.4 GeV. Then the protons
are injected into the Proton Synchrotron (PS) [91], a single synchrotron ring
four times long the PSB (628 m) where the energy is increased to the value of
25 GeV. The sequential combination of these two synchrotrons allows also to
create a series of proton bunches interspersed by 25 ns (i.e. at the frequency of
40 MHz) as required for the final correct operation of LHC. The final injection
stage of protons at the LHC is the Super Proton Synchrotron (SPS) [91], a
synchrotron with a circumference of approximately 7 km in which the energy
of the protons is brought to the value of 450 GeV. Subsequently protons are
extracted and injected into the LHC ring via two transmission lines, in order
to form two beams that run in opposite directions and that are accelerated up
to the energy of interest. The LHC is composed of two synchrotron storage
rings of superconducting magnets, with a common cryogenic system but inde-
pendent vacuum pipes, and opposite magnetic dipole fields. Along them two
beams of protons (or heavy ions such as Pb) circulate in opposite directions,
intersecting at four interaction points where the experiments are located: AL-
ICE [92], ATLAS [93], CMS [94] and LHCb [95]. In fig. 3.1 a schematic view of
the accelerator complex installed at CERN is given while in fig. 3.2 a picture
of the area occupied by the LHC ring is shown.

The collision rate is quantified in terms of the instantaneous luminosity (num-
ber of collisions per unit time and transverse section of the beams), which
depends only on the beam parameters and can be written for a Gaussian

beam distribution as: )
I = N; M frevVr
Are, f*

where IV, is the number of particles per bunch, ny the number of bunches per
beam, fe, the revolution frequency, v, the relativistic gamma factor, €, the
normalized transverse beam emittance, 5* the beta function at the collision
point and F the geometric luminosity reduction factor due to the crossing
angle at the interaction point. The number of events per second generated in

(3.1)
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the LHC collisions is given by:
Nevent = Loeyent (32)

where Oeyent is the cross section for the event under study and L is the machine
luminosity.

Figure 3.1: Schematic description of the accelerator complex installed at
CERN.

Figure 3.2: Panoramic view of the area occupied by the Large Hadron Collider
ring.

3.2 The CMS Detector

The Compact Muon Solenoid (CMS) [94] experiment is one of the two general-
purpose detectors installed at the LHC. It aims to explore the phenomena of
electroweak symmetry breaking, to perform QCD precision measurements and
also to search for possible new physics beyond the Standard Model, such as
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supersymmetry, extra dimensions etc. The wide physics program has imposed
stringent requirements and the design of CMS had to meet them:

e Good muon identification and momentum resolution over a wide range
of momenta in the region | n |< 2.5, good dimuon mass resolution (about
1% at 100 GeV), and ability to determine unambiguously the charge of
muons with p<1 TeV.

e Good charged particle momentum resolution and reconstruction effi-
ciency in the inner tracker. Efficient triggering and offline tagging of
7’s and b jets, requiring pixel detectors close to the interaction region.

e Good electromagnetic energy resolution, good diphoton and dielectron
mass resolution (about 1% at 100 GeV), wide geometric coverage (| 1 |<
2.5), measurement of the direction of photons and correct localization
of the primary interaction vertex, 7¥ rejection and efficient photon and
lepton isolation at high luminosities.

e Good E:’}”SS and dijet mass resolution, requiring hadron calorimeters
with a large hermetic geometric coverage (] n |[<5) and with fine lateral
segmentation (An x A¢ < 0.1 x 0.1).

These characteristics allow to detect cleanly the diverse signatures from the
several channels studied, identifying and precisely measuring muons, electrons,
photons and hadrons over a large energy range. In a high energy and high
luminosity machine like LHC, the design of the detector has been a really
challenging task. At the designed characteristics of LHC, the number of colli-
sion events observed by the detector will be approximately 10° events/s. The
on-line event selection system must be designed to reduce it to a reasonable
size, 100 events/s. Moreover an important problem to face is the number of
minimum bias events (pileup events) superimposed to the event of interest.
To reduce the pileup effect the detector must have high granularity and good
time resolution. In addition, the detector needs to be radiation-hard as the
large flux of particles emerging from interaction point leads to high radiation
levels. The structure of CMS is typical of general purpose collider detectors. It
consists of several cylindrical detecting layers, coaxial with the beam direction
(barrel region), closed at both ends with disks (endcap region). In fig. 3.3 a
schematic view of the CMS detector is provided. From the inner region to the
outer one, the various components of CMS (briefly described in the following
sections) are:

e Silicon Tracker: it is placed in the region r < 1.2 m and | n |< 2.5
It consists of a silicon pixel vertex detector and a surrounding silicon
microstrip detector, with a total active area of about 215 m?. It is used
to reconstruct charged particle tracks and vertices;
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TRACKER
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Overall diameter : 150 m
Overall length tME m

Magnetic field : 4 Tesla

FRESHOWER

RETURN YOKE

SUPERCONDUCTING
MAGNET

" FORWARD
CALORIMETER

HeAL - .
MUON CHAMBERS

Figure 3.3: A view of the CMS detector with its subdetectors labeled.

e Electromagnetic Calorimeter (ECAL): it is placed in the region 1.2 m
<r < 1.8mand | n|< 3. It consists of scintillating crystals of lead
tungstate (PbWO,) and it is used to measure the trajectory and the
energy released by photons and electrons;

e Hadron Calorimeter (HCAL): it is placed in the region 1.8 m < r < 2.9
m and | n |< 5. It consists of brass layers alternated with plastic scin-
tillators and it is used to measure the direction and the energy released
by the hadrons produced in the interactions;

e Superconducting Solenoidal Magnet: it is placed in the region 2.9 m
<r<38mand |n|< 1.5 It generates an internal uniform magnetic
field of 3.8 T along the direction of the beams, necessary to deflect the
charged particles in order to allow a measurement of their momentum
through the curvature observed in the tracking system. The magnetic
field is closed with an iron yoke 21.6 m long with a diameter of 14
m, where a residual magnetic field of 1.8 T is present, in the opposite
direction with respect to the 3.8 T field;

e Muon System: it is placed in the region 4 m < r < 7.4 m and | n |< 2.4.
It consists of Drift Tubes (DT) in the barrel region and Cathode Strip
Chambers (CSC) in the endcaps. A complementary system of Resistive
Plate Chambers (RPC) is used both in the barrel and in the endcaps.
This composite tracking system for muons is used to reconstruct tracks
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released by muons that pass through it. The muon chambers are housed
inside the iron (high magnetic permeability) structure of the return yoke
that encloses the magnetic field.

3.2.1 Coordinate System

The coordinate system adopted by CMS has its origin situated at the nomi-
nal collision point, the y axis is directed vertically upward, the x axis points
radially toward the center of the LHC while the = axis points along the beam
direction toward the Jura mountains from LHC Point 5. The cylindrical sym-
metry of CMS design and the invariant description of proton-proton physics
suggest the use of a pseudo angular reference frame, given by the triplet (r, ¢,
7n), where r is the distance from the z axis, the azimuthal angle ¢ is measured
from the z axis in the x — y plane, n is the pseudorapidity defined as:

n=—1n(6/2). (3.3)

The polar angle 6 is measured from the z axis. The pseudorapidity, for high
energies, is a good approximation of the rapidity (y) of a particle, defined as:

—lln(E—i_pL
YoM E

)s (3.4)

where FE is the particle’s energy and py, is the component of its momentum

projected along the beam axis. The rapidity is a useful variable at a hadron

collider, as differences in rapidity (Ay) are invariant under Lorentzian boosts

along the axis direction. It follows from its definition that the pseudorapidity

is null for # =0 (see fig. 3.4) and increases in absolute value when approach-

ing the beam pipe, asymptotically reaching infinity at § = 7/2 (z axis) The
Nn=0

E S

6=90° /'

0=45°
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Figure 3.4: Variation of the pseudorapidity as a function of the polar angle 6.
As 0 approaches zero, pseudorapidity tends towards infinity.

collision in a proton-proton collider involves the partons inside the protons.
The total four-momentum conservation would require the knowledge of the
initial four-momentum of the quarks inside the protons. However the longi-
tudinal component of the quark momentum inside the proton is not known
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a priori. Instead, in the transverse plane it is possible to to apply the four
momentum conservation as the sum of the transverse momenta of the proton
constituents is zero. A complete description of the particles kinematics is so
provided defining the transverse kinematic variables:

pr = p - sin(f), (3.5)

Er = E -sin(0), (3.6)

where pr is the component of a particle’s momentum in the plane transverse
to the beam axis and Erp its transverse energy.

3.3 Inner Tracking System

The Silicon Tracker [96] is the subdetector closest to the interaction point and
covers the region | 7 |< 2.5 with a 7 <120 cm. It is formed by a Silicon Pixel
detector surrounded by a Silicon Microstrip detector. Its purpose is to recon-
struct the charged tracks with the highest possible resolution and to allow a
precise determination of the position of secondary vertices, basic requirement
to study processes that involve particles with short mean life (in particular,
hadrons containing the b quark that decays after a few hundred pm). The large
number of pileup events that overlaps with the event of interest, especially at
the designed luminosity of operation (103*cm=2s~!), can make pattern recog-
nition a complex problem. In order to facilitate the pattern recognition two
requirements are fundamental:

e low detector occupancy
e large hit redundancy

The first is achieved with a high granularity that assures clean track identi-
fication, reducing the occupancy and the overlap probability of the hits. In
principle, the other requirement can be satisfied using a large number of de-
tecting layers but it is needed to find a compromise between the redundancy of
measured points per track and the amount of material composing the tracker.
The inner silicon tracker must comply with severe material budget constraints
in order not to degrade its momentum resolution and also not to reduce the
performance of all the detectors. In fig. 3.5 the material budget of the tracker
is reported in units of radiation length ¢/ X and in units of nuclear interaction
length ¢/A\; as a function of 7. Moreover one of the most important problems
arised during the planning of the tracking system was to design a detector
able to operate in a harsh radiation environment. Radiation is the main rea-
son of bulk damage that compromises the operation, in particular, of the pixel
detector that is the innermost part of it, closest to the interaction point.
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Figure 3.5: Material budget plots of the tracker for each subdetector in units
of radiation length t/Xy and in units of nuclear interaction length ¢/A; as a
function of 7, for the nominal geometry of the detector.

3.3.1 The pixel Detector

The silicon pixel detector(fig. 3.6) is the innermost active section of CMS. It
is mainly used in CMS as a starting point for the reconstruction of the tracks
providing on average three spatial measurement points that are used as initial
seeds. It plays also a key role in the reconstruction of the primary vertex
and of any possible secondary vertices. It consists of three barrel layers with
two endcap disks on each side on them. The 3 barrel layers are located at
mean radii of 4.4 ¢m, 7.3 cm and 10.2 cm, and have a length of 53 cm. Each
half-cylinder is composed of ladders and half ladders that serve as support
and cooling structure for the modules of pixels, with each ladder containing 8
modules. In total, the barrel is composed of 768 modules. The 2 end disks are
placed on each side at | z | =34.5 cm and 46.5 cm and extend from 6 to 15 cm
in radius in such a way that each track included in the detector acceptance
passes through at least two layers. Each disk is divided into 24 segments,
on each of which 7 modules of different sizes are mounted, for a total of 672
modules on all the endcaps. Each module is composed of several units that
contain a highly integrated and segmented silicon sensor with a thickness of
250 pm. The sensors implement the n-in-n concept, with pixels consisting of
n™ implant over a n-type substrate sensor, with a size of 100 x 150 pum and
are combined with analog signal readout to profit of charge sharing effects
among pixels and improve position resolution by interpolation. The choice
of using pixel sensors guarantees the required high spatial precision, allowing
resolution in the hit reconstruction of about 10 - 15 um in the barrel and
about 15 ym in the endcaps.
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Figure 3.6: A schematic view of the pixel vertex detector.

3.3.2 The Silicon Strip Tracker

The silicon strip detector covers the radial region between 20 and 116 cm, and
consists of three systems: the Tracker Inner Barrel (TIB) and Disks (TID), the
Tracker Outer Barrel (TOB), and the two Tracker EndCaps (TEC+, TEC-).
In fig. 3.7 a schema of the silicon strip tracker is provided. The TIB extends
to a radius of 55 cm, and is composed by four cylindrical layers completed
by the three TID disks at each end. The TIB covers up to | z |< 65 cm
while, with six layers, TOB extends in -110 cm < z < 110 cm region. The
amount of the radiation received by each subsystem changes as a function of
the distance to the interaction point. Many different silicon micro-strip sensor
designs have been used for each of the them, adapted to the particle flux, to
the required spatial resolution, and to the surface that needs to be covered
by instrumentation at the corresponding radial distances from the interaction
region. The inner part implements micro-strips with a pitch of 80 pm in the
two innermost layers, 120 pym in the two outermost layers, and between 100
and 141 pm in the disks. Micro-strips with larger pitches, up to about 185 pm,
have been installed in the TOB and in the TEC detectors. The r— ¢ resolution
for a single point ranges from 23-34 pym in TIB (which has smaller sensors)
and 35-52 pm in TOB. In z direction, the single-point resolution is 23 and
52 pm in TIB and TOB, respectively. Each TEC is composed of 9 disks that
extend into the region 120 cm <| z |< 280 cm, and each TID consists of three
small disks that fill the gap between the TIB and the TEC. The whole tracking
system is positioned in a container with 5.4 m length and 2.4 m diameter and
operates at a temperature of about -20 °C'. At low temperature, the radiation
damages on the silicon sensors are frozen. Hence the detector quality will not
gradually decrease.
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Figure 3.7: An r — z schematic view of a sector of the Silicon Strip Tracker.
The location of single sided and double sided detectors is put into evidence.

3.4 Electromagnetic Calorimeter

The investigation of electroweak symmetry breaking is one of main searches in
the broad physics programme of the CMS experiment. The direct search of the
Higgs Boson has been conducted in different channels in a wide mass range.
The two-photon decay mode has been one of the most sensitive and important
channel in the discovery of this particle. The Electromagnetic Calorimeter
(ECAL) [97] has been designed to provide high resolution measurements of
electron and photon energy to enhance the capability to detect the Higgs
boson decay into two photons. ECAL (fig. 3.8) is a hermetic, fine grained,
homogeneous calorimeter, comprising 75,848 lead tungstate scintillating crys-
tals, located inside the CMS superconducting solenoidal magnet. It is divided

Endcap
ECAL (EE)

Figure 3.8: Schematic view of ECAL layout.

into an Ecal Barrel (EB) with 61200 crystals and two Ecal Endcaps (EE),
each containing 7324 crystals. The barrel inner radius is 129 cm, while the
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length is 630 cm and the pseudorapidity extent is | n |< 1.479. It consists of
36 supermodules, each one with a length equal to the half of the barrel length.
Each supermodule is a 20 x 85 crystal matrix on the plane ¢ — 7. Supermod-
ules are divided into 4 modules along the 7 direction and each module is in
turn divided into submodules. Each submodule, consisting in a 5x2 crystal
arrays mounted on a glass fiber structure, forms the elementary unit of EB.
Crystals in the barrel region have a truncated pyramidal shape with a front
face cross-section of about 22x22 mm? with a length of 23 cm, corresponding
to 24.7 radiation length (Xj). The granularity of a single crystal is equal to
An x A¢ = 0.0175x 0.0175 (about 1°). Crystals are grouped into 5x5 matri-
ces called trigger towers whose information is used by the trigger system. To
avoid that cracks might align with particle trajectories, the crystal axes are
tilted by 3° with respect to the direction from the interaction point both in
¢ and n. Each endcap covers the region 1.479 <| n |<3 and consists of two
halves called Dees. All the crystals have the same shape and they are grouped
in structures of 5x5 crystals called supercrystals. The An x A¢ granularity
in the endcaps varies from 0.0175x 0.0175 to 0.05x 0.05. Unlike in the barrel,
where the crystals are arranged in a 7 — ¢ geometry, the endcap crystals are
arranged in a x —y geometry. To ensure good hermeticity, the outer perimeter
of the ECAL endcaps has been studied in order to give an overlap of half
crystal between the barrel and the endcaps. In order to improve the 70 /v
separation and vertex identification, two preshower detectors are placed on
the inner side of the endcaps. The preshower, which covers the region 1.653
<|n|< 2.6, is a sampling calorimeter consisting of two lead converters (2 Xy
and 1 X thick respectively) followed by silicon strips with a pitch of less than
2 mm. The strips following the two absorbers are disposed in orthogonal way.
The presence of a preshower (a total of 3 Xy of lead) in the endcap region
allows the use of slightly shorter crystals (22 cm), keeping the total radiation
length more than 26 Xy. The choice of the PbWOy [98] as active medium in
ECAL is due to several reasons. The high-density (p = 8.3 g/cm?), the short
radiation length (Xo = 0.89 cm) and the reduced Moliere radius (Ry; = 2.2
cm) allow to build a compact and high granularity calorimeter. Moreover, the
15 ns decay scintillation time allows to collect about 80% of the emitted light
during the 25 ns that exist between two consecutive beam interactions in the
LHC design conditions. Finally, the PbWOy crystals have a good intrinsic
radiation hardness and therefore they can operate for years in the hard LHC
environment, with a modest deterioration in performance. The disadvantage
of this type of crystals is the low light yield (about 10 photoelectrons/MeV)
which makes an internal amplification for the photodetectors necessary. Sil-
icon avalanche photodiodes (Avalanche Photodiodes, APD) are used in the
barrel while single stage photomultipliers (Vacuum Photo-Triode, VPT) are
used in the endcaps. The ECAL barrel energy (E) resolution for electrons in
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beam tests has been measured to be [99]:

op __28% o 12%
E VE(GeV) E(GeV

where the three contributions correspond to the stochastic, noise, and constant
terms. This result was obtained reconstructing the showers in a matrix of
3x3 crystals where the electron impact point on the calorimeter was tightly
localized in a region of 4x4mm to give maximum containment of the shower
energy within the 3x3 crystal matrix. The noise term of 12% at 1 GeV
corresponds to a single-channel noise of about 40 MeV, giving 120 MeV in a
matrix of 3x3 crystals. The constant term, which is the dominant contribution
to the energy resolution for high-energy electron and photon showers, depends
on non-uniformity of the longitudinal light collection, energy leakage from
the back of the calorimeter, single-channel response uniformity and stability.
The beam test setup was without magnetic field, no inert material in front of
the calorimeter, and accurate equalization and stability of the single-channel
response (better than 0.3%) [100]. During CMS operation, the contributions
to the resolution due to detector instabilities and to the channel-to-channel
response spread must be kept to within 0.5%, in order to retain the excellent
intrinsic resolution of the ECAL.

@ 0.3%, (3.7)

3.5 Hadronic Calorimeter

The calorimetric system of CMS is completed with a sampling hadronic calorime-
ter [101]. It surrounds the ECAL completely, covering a pseudorapidity range
up to | n |=5.2. Its purpose is to contain the showers of hadronic particles,
and therefore measure jet four-momenta and the missing transverse energy of
events. The two key features to meet these demands are a high hermeticity and
a good transverse granularity. Furthermore, a good energy resolution and a
sufficient longitudinal containment are also important. A longitudinal section
of a quarter of the hadronic calorimeter is shown in fig. 3.9. The design of the
HCAL has been constrained strongly by the size of the solenoid magnet sur-
rounding it. It is formed by two separate detectors: a central (HCAL) covering
the pseudorapidity range | 7 |<3 and an outer hadron calorimeter (HF) placed
outside the solenoid complementing the barrel calorimeter. HCAL is divided
into two subdetectors: a barrel (| n |<1.3) and two endcaps (1.3<| 7 |<3). It is
a sampling calorimeter, with brass used as absorber and plastic scintillators as
active material. The plastic scintillator is divided into 16 n sectors, resulting
in a segmentation of (An, A¢) = (0.087, 0.087). The energy resolution of the
HCAL, for pions of energy FE, is parametrized as:

_100% @& 8%. (3.8)
E(GeV)
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Figure 3.9: Longitudinal section of a quarter of the CMS hadronic calorime-
ters:HCAL is visible on the left, HF far away from the interaction point on
the right. Some values of pseudorapidity are marked.

It has a total thickness of 7-10 interaction lengths ()\;). An additional layer
of active material is added behind the solenoid, as a complete containment of
a high energetic shower is not possible in 7A;. This layer increases the total
effective thickness by about 3)\; improving the energy resolution for 300 GeV
pions of about 10%. The requirement to have a high hermetic calorimeter
has driven the placement of an additional calorimeter (HF) outside the mag-
net yoke, 11 m away from the interaction point, on both sides. It covers the
forward pseudorapidity region 3<| n |<5. In order to sustain the very high
doses of radiation and high particle multiplicities expected for such a region,
sampling calorimeters made of iron and quartz fibers as the active medium,
to detect the Cherenkov light emitted by showers, have been chosen. It is es-
sentially a cylindrical steel structure with an outer radius of 130 cm. Its front
face is situated 11.2 m from the interaction point. In addition, this subdetec-
tor plays a crucial role in the determination of luminosity, since coincidences
between both directions along the z axis will indicate a collision has taken
place.

3.6 The Muon System

The CMS Muon System [102] is dedicated to the identification and measure-
ment of high pr muons, in combination with the Tracker. The system is placed
outside the magnetic coil, embedded in the return yoke, to exploit the 1.8 T
return flux fully. The system consists of three independent subsystems, as
shown in fig. 3.10:

e Drift Tubes (DT) are placed in the barrel region, where the occupancy
is relatively low (< 10 Hz/m?).

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

e Resistive Plate Chambers (RPC) are both in the barrel and in the end-
caps.

200 w0 00 800 1000 1200
z (cm)

Figure 3.10: A schematic view of a quadrant of the CMS Muon System.

The Drift Tube system is placed in the barrel region | 7 |< 1.2, where
the particle flux is low enough (about 10 Hz/cm?) and the magnetic field is
enough weak and homogeneous (1.8 T). The Drift Tube system layout follows
the yoke segmentation and consists of 5 iron wheels composed of 12 azimuthal
sectors, covering an angular region of approximatively 30° each. Every wheel
consists of four concentric rings of chambers, called stations. Each station is
formed by 12 DT chambers. The basic detector element of the DT system is
a rectangular drift tube cell with a transverse size of 13x42 mm? and whose
length varies from 2 to 4 m. Chambers are filled with a gas mixture of Ar (85%)
and COz (15%) and are grouped in the parallel direction to form detection
layers. Groups of four layers are assembled to form a superlayer. In each
superlayer two chambers have anode wires parallel to the beam axis, two have
perpendicular wires. Thus, each superlayer can provide two measurements
of the r — ¢ coordinate and two measurements of the z coordinate of the
track hit positions. A schematic layout of a single DT chamber is shown in
fig. 3.11. The position resolution is about 100 gm in both r — ¢ and r — z.
The high magnetic field (up to 3.5 T) and the particle rate expected in the
muon system endcaps do not allow to use drift tube detectors to perform
measurements at large n values. Therefore, a solution based on Cathode Strip
Chamber detector has been adopted. The CSC system is made of multiwire
proportional chambers filled with a gas mixture of Ar (40%), CO2 (50%), CF4
(10%) in which the plane cathode is segmented into strips oriented radially
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Figure 3.11: A schematic representation of a Drift Tube chamber. Drift lines
in presence of magnetic field are also shown.

and transversely with respect to the anode wires (fig. 3.12). This allows the
simultaneous measurement of two coordinates (r through the wires, ¢ using
the strips). The drift path of the charge carriers is shorter with respect to

radial strips wires

Figure 3.12: A schematic representation of CSC cathode panel (left) and anode
panel (right).

the drift tubes, therefore these detectors can be placed in regions with higher
flows of charged particles and less homogeneous magnetic fields. The CSC
is composed of 4 superimposed disks (called stations), mounted on the iron
disks of the return yoke and orthogonal to the direction of the beams. Fach
station is formed by two rings (three for the innermost station), divided into
18 or 36 CSC with trapezoidal shape. Each CSC used in the system consists
of six layers of sensitive wires. The strip spatial resolution is about 80-85 pm
while r can be determined with a precision of 0.5 cm. The CSC coverage is
0.8<| n |< 2.4. Resistive Plate Chambers (fig.3.13) are used both in barrel and
endcaps, complementing DT and CSC systems, in order to ensure robustness
and redundancy to the muon spectrometer. The RPC system is made of
gaseous detectors characterized by a coarse spatial resolution, but are able to
perform precise time measurements, comparable with the ones provided by
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scintillators.
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Figure 3.13: Schematic layout of a double-gap barrel RPC chamber composed
of two sub-units, called rolls. The readout strip plane is also shown.

This ensures precise bunch crossing identification to the muon trigger sys-
tem. CMS uses double-gap RPC chambers composed of 4 bakelite planes al-
ternated to form two gas gaps 2 mm thick. The planes are coated by graphite
to make electrodes that are set at 9.5 kV of potential difference. The cen-
tral part of the chamber is equipped with insulated aluminum strips, used
to collect the signal generated by crossing particles. In the barrel the strips
are rectangularly segmented (12.1 to 41 ¢cm wide and 80 to 120 ¢cm long) and
run along the beam axis, whereas the endcaps are equipped with trapezoidal
shaped strips covering approximatively the range A¢ = 5 — 6%, An=0.1. The
gap between the plates is filled with a mixture of CoHsoFy4 (94.5%) and i-C4Hy.
In order to sustain higher rates, the detector operates in avalanche mode. The
RPC coverage is | |< 2.1.

3.7 'Trigger system

LHC produces interactions at a frequency of up to 40 MHz, but only a small
fraction of this enormous amount of data but can be written on disk. Moreover
the vast majority of interactions are soft collisions, which are not interesting for
the search-oriented CMS physics program. Therefore a complex trigger system
analyses each bunch crossing and applies a first but rather sophisticated event
selection, which reduces the rate to few hundreds of Hz. CMS has chosen
a two-level trigger system, consisting of a Level-1 Trigger (L1) [103] and a
High Level Trigger (HLT) [104]. Level-1 Trigger runs on dedicated processors,
and accesses coarse level granularity information from calorimetry and muon
system.Its task is to reduce the data flow from 40 MHz to 100 kHz. The L1
output rate is then further reduced down to the target rate of 300 Hz by the
High Level Trigger. The HLT code can access the full granularity information
of all the subdetectors. The design goal of the trigger system as a whole is to
have a reduction rate capability of 107.
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Level-1 Trigger

The Level-1 trigger reduces the rate of selected events down to 50-100 kHz.
The full data are stored in pipelines of processing elements, while waiting for
the trigger decision. The L1 decision whether taking or discarding data from
a particular bunch crossing has to be taken in 3.2 us; if the L1 accepts the
event, the data are moved to be processed by the HLT. The time available to L1
trigger is not enough to read data from the whole detector therefore it employs
the calorimetric and muon information only, since the tracker algorithms are
too slow for this purpose. The L1 trigger is organized into a Calorimeter
Trigger and a Muon Trigger, whose information is transferred to the Global
Trigger which takes the final accept-reject decision. It accesses the information
from the muon and from the ECAL systems to perform a first elementary muon
and electron identification. For the electrons, it reads out the energy deposits
in 5x5 matrices of ECAL crystals, the trigger towers, and compares their
sum to a given threshold. A rudimentary isolation requirement can also be
applied, taking into account the energy deposits in neighbouring towers and in
the corresponding HCAL cells. Muons provide a clean signature, and can be
reconstructed with good precision even at the hardware trigger stage. Hits in
the muon stations are detected by the L1 electronics, and trajectory candidates
are built in the DT and CSC systems using a fast track finding algorithm.
The four candidates with highest pr and best quality are combined with the
information from the RPC to build a L1 global muon object, which has to
pass a given pr threshold. As well as for electrons, additional requirements
on the isolation can be applied, using the information from the calorimeters.

HLT Trigger

The High-Level Trigger reduces the output rate to about 100 Hz. The HLT
software is organized in a set of algorithms (known as HLT “paths”) which
are designed to select specific event topologies. It starts from the L1 objects,
and exploits high resolution data from all subdetectors to perform a partial
reconstruction of the event in three sequential stages:

e Level 2: accesses only the muon and calorimetric information;
e Level 2.5: the data of the pixel seeds are added;
e Level 3: makes use of the full information from all the tracking detectors.

To limit the CPU usage, the most intensive steps, such as tracker hit recon-
struction and tracking, are applied only in the limited detector regions around
the L1 identified candidates. Interaction vertices and high level objects, such
as 7 leptons and b quark jets, are identified using simplified and faster versions
of the algorithms used in the offline data processing.
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Chapter 4

Event Reconstruction

In a proton-proton collider, in addition to a hard parton scattering with large
transverse momentum transfer, also underlying events contribute to the final
state. The complexity of the collision events has imposed several constraints
in the features of each subdetectors in order to guarantee high efficiency in the
reconstruction of the final physics objects. A large magnetic field in order to
maximise the separation between charged and neutral hadrons, a calorimetry
with an excellent resolution and granularity, an efficient tracking system and
also a particular attention to the material budget in front of the calorime-
ters are therefore necessary characteristics. An efficient object reconstruction
implies also the development of sophisticated reconstructed algorithms pro-
viding a complete description of the final state. In this Chapter the technique
adopted by the CMS experiment in order to provide a detailed knowledge of
the final objects is described. A section has been dedicated to the description
of the specific algorithms applied in order to reconstruct all the interested ob-
jects: electrons, muons. The jet reconstruction algorithms of interest will be
reviewed and the relevant b tagging algorithms will be described.

4.1 Particle Flow

In order to give a complete picture of the final state, an algorithm called
Particle Flow [105] [106] has been developed by the CMS experiment and is
nowadays employed in most analyses. It allows to identify and reconstruct
each particle arising from the LHC proton-proton collision combining the in-
formation provided by each subdetector with an optimal determination of
their direction, energy and type. Charged hadrons, photons, neutral hadrons,
muons, and electrons are identified and can then be used to construct a vari-
ety of higher-level particle based objects and observables such as jets, missing
transverse energy (MET), lepton and photon isolation, 7 identification and b
jet tagging. The CMS Particle Flow algorithm relies on efficient track recon-
struction, on clustering algorithms that are able to properly treat the overlap
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between different showers, using a specific procedure to connect together the
deposits of each particle in the sub detectors. The main features of these
algorithms can be summarized as follows. The muons are identified before-
hand by combining the tracker and muon chamber information so that their
track does not give rise to a charged hadron. The matching between a clus-
ter in the hadronic calorimeter and a track constitutes a charged hadron and
the building bricks are not considered anymore in the rest of the algorithm.
Specific track reconstruction methods [107] are used for the electrons because
the Bremsstrahlung photon emission obliged to a dedicated algorithm able to
merge the photon clusters to the electron avoiding energy double counting.
Once all the tracks have been treated, the remaining clusters are supposed to
come from photons if the cluster is formed in the Electromagnetic calorimeter,
or from neutral hadrons if the cluster is situated in the Hadronic calorimeter.
The information from all the subdetectors is then combined to extract a mea-
surement of the four-momentum of each particle once all the deposits have
been associated. The elements used in the Particle Flow algorithms are there-
fore charged particle tracks, calorimeter clusters, and muon tracks that must
be delivered with a high efficiency and a low fake rate. Advanced tracking and
clustering algorithms have been developed to fulfil this task.

4.1.1 Track reconstruction

The presence of multiple interactions (pileup) and the finite resolution of the
detector imply the contribution of prior or later bunch crossings. Reconstruct-
ing tracks in such a high-occupancy environment is really challenging and it
is difficult to have a high track-finding efficiency, while keeping the fraction of
misidentified reconstructed tracks (fake tracks) small. A good reconstruction
efficiency is needed for tracks with very low pp (about 100 MeV) in order to ob-
tain optimum jet energy resolution with particle flow techniques. Furthermore,
excellent impact parameter resolution is needed for a precise measurement of
the positions of primary pp interaction vertices as well as for identifying b-
quark jets [108]. The track reconstruction gives estimates for the momentum
and position parameters of the charge particles starting from the hits in the
tracking system. The tracking software adopted in CMS is called Combina-
torial Track Finder (CTF) that is an extension of the combinatorial Kalman
filter [109] [110]. An iterative method is used to reconstruct tracks [111]. The
idea is to reconstruct first the tracks easier to find (those with large pr and
near the interaction region) removing the hits associated with these tracks.
In this way the combinatorial complexity is reduced and the subsequent iter-
ations are simplified, improving the search of more difficult classes of tracks
(those with low pp or greatly displaced tracks). First, tracks are seeded (2 or
3 hits) and reconstructed with very tight criteria, obtaining a negligible fake
rate and a moderate tracking efficiency. The hits assigned to the tracks found
are then removed and the looser track seeding criteria are taken. This ap-
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proach increases the tracking efficiency while the fake rate is kept low thanks
to the hit removal. In the first three iterations, tracks originating from within
a thin cylinder around the beam axis are found with an efficiency of 99.5%
for isolated muons in the tracker acceptance, and larger than 90% for charged
hadrons in jets. The fourth and fifth iterations allow to reconstruct secondary
charged particles originating from photon conversions and nuclear interactions
in the tracker material and decay products of long-lived particles (Kg or A)
requiring relaxed constrains on the origin vertex. This iterative procedure al-
lows to reconstruct charged particles with a small number of hits (3), a low
transverse momentum less than 150 MeV and an origin vertex more than 50
cm distant from the beam axis, with a fake rate of the order of a percent.

4.1.2 Cluster reconstruction

The cluster algorithms have different requirements to satisfy: they have to de-
tect and measure the energy and direction of stable neutral particles (photons
and neutral hadrons), separate these neutral particles from energy deposits
from charged hadrons, reconstruct the electrons recovering the energy loss
because of the Bremsstrahlung photons emission, improve the energy mea-
surement of charge hadrons, especially if an optimal estimation of the track
parameters was not possible (high pp particles). The clustering is performed
separately in each subdetector: ECAL barrel, ECAL endcaps, HCAL barrel,
HCAL endcap, PS first layer and PS second layer. The clustering algorithm
starts with the identification of “cluster seeds” that are calorimetric cells with
an energy greater than a given threshold. Then “topological clusters” are built
from the seeds adding the cells with at least one side in common with a cell
already in the cluster and if their energy is greater then a given value. This
thresholds represent two standard deviations of the electronic noise in ECAL
(800 MeV in the barrel and 300 MeV in the endcap) and in HCAL (800 MeV
for all the region of the calorimeter).

4.1.3 Link algorithm

Once the tracks and the calorimetric clusters have been reconstructed, these
elements need to be connected together, avoiding double counting as a particle
can give rise to several particle flow elements. Each reconstructed track is
extrapolated from its last measured hit in the tracker to calorimetric cluster.
The matching between the track and the cluster is done if the extrapolated
position in the corresponding calorimeter is within the cluster boundaries. The
energy loss due to Bremsstrahlung photons emission is recovered extrapolating
tangents to the track in the intersection points between the track and the
tracker layer. If the tangent position is within the boundaries of a cluster,
it is considered as Bremsstrahlung photons energy and so it is matched to
the track. A muon track in the muon system is linked to the track in the
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tracker with a fitting procedure and the final object is called global muon. If
the matching is possible with several tracker tracks, only the global muon that
returns the smallest y? is retained.

4.2 Electrons

The electron reconstruction and selection is of primary importance for many
of the physics analyses performed with the CMS experiment, for this reason,
a great effort has been dedicated to the implementation of dedicated algo-
rithms [112]. Electrons are reconstructed by associating a track in the tracker
with energy deposits in the electromagnetic calorimeter.

Clustering of the electron energy deposits in the ECAL

The energy released in the calorimeter is spread into several crystals, espe-
cially when the electron looses much energy because of the Bremsstrahlung
photons emission. Two different algorithms have been developed in order to
reconstruct the electron cluster in ECAL [113]. In the barrel the “hybrid”
algorithm is used, it considers clusters formed from windows of 5 crystals in
n around the most energetic crystal (seed) and a variable window in ¢ direc-
tion (up to 35 crystals wide). In the endcap, clustering is performed with the
“multibx5” algorithm that merges together matrices of 5x5 crystals around
the most energetic crystal. In both cases the clusters are then grouped into
superclusters if the energy is greater than a threshold. The supercluster energy
is the sum of the energies of all the clusters contained in it while its position
is obtained by taking a weighted mean calculated using the logarithm of the
crystal energy, applying a correction with respect to the depth of the shower
at the same time. In fig. 4.1 the effect of superclustering is shown in the
comparison between the reconstructed energy using a matrix of 5x5 crystals
around the seed and the one reconstructed within the supercluster.

Several procedures are used to calibrate the energy response of individual
crystals that enter in the clustering steps [114]. After clusterisation, the en-
ergy of the electron candidate is estimated from the sum of signal amplitudes
(A;) [115] of the individual channels that belong to the considered cluster,
weighted with channel dependent coefficients to consider the variation in time
of crystal transparency and photo-detector response (L;(¢)) and corrected to
consider the intrinsic differences in response of crystals and photodetectors
(¢;), the calibration of the ADC to energy conversion (G) and the presence
of geometry effects (Fi,). Figure 4.2 shows the invariant mass of electron
pairs in the Z — ete™ dacays using different levels of the energy reconstruc-
tion: fixed array 5x5, the raw supercluster energy and the supercluster energy
including algorithmic corrections.
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Figure 4.1: Ratio of the reconstructed raw energy over the generated energy,
using the super- clustering compared to an energy collection in a matrix of 5x5
crystals, for simulated electrons from Z boson decays. No energy correction is
applied on both the distributions.
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(a) Invariant mass of electron pairs in the
Z — eTe” decays when the electrons are
reconstructed in the barrel.
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Figure 4.2: The two plots show the impact on the Z — eTe™ energy scale and
resolution from the incorporation of more sophisticated clustering and cluster
correction algorithms.

Electron Momentum Regression

The raw supercluster energy has to be corrected in order to take into account
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(case of soft charged particles do not reach ECAL because of the magnetic
field). Energy and position corrections that exploit the interaction mecha-
nism of the electrons upstream of ECAL and the CMS geometry are needed.
A multivariate regression technique based on a Boosted Decision Tree (BDT)
implementation [114] is used in order to extract these corrections. These meth-
ods take as input some variables related to the shower shape and the global
coordinate of the supercluster (7, ¢). The shower shape variables considered
are: the ratio between the 5x5 crystal energy and the raw supercluster energy
(called Ry) that provides a way to identify electrons with little radiation in
the tracker, the number of basic clusters, the ratio of hadronic energy behind
the SC over the electromagnetic energy of the cluster. Other variables as the
energy and position of the seed cluster and a number of crystal energy ratios
are also included in order to take into account the degree of showering in the
material. The n and ¢ variables of the seed crystal, the position of the seed
cluster with respect to the crystal center and the seed cluster energy ratios
allow to obtain an estimate of the amount of energy lost in the crystal and
module gaps and drive the level of local containment corrections predicted
by the regression. Finally, the number of primary vertices and the estimate
of an average energy p in the event are included in order to correct residual
energy scale effects from pileup. The electron-tuned regression is trained on
a Drell-Yan sample and is validated by comparing the Monte Carlo to data
performance for electrons using the decay of the Z boson.

Electron tracking

Electron tracks are not reconstructed using the standard Kalman Filter (KF)
track reconstruction procedure. Because of the large radiative losses in the
tracker material, this algorithm is not optimal for the electron case. Infact, it
could lead to a reduction in the hit collection efficiency: hits can be lost because
of a too large change of curvature due to Bremsstrahlung photons emission.
For these reasons a dedicated tracking procedure (see fig. 4.3) is used for
electrons in order to preserve optimal determination of the track parameters
even if a large fraction of energy is lost by Bremmstrahlung. The Gaussian
Sum Filter Algorithm (GSF) [116] models the Bremsstrahlung energy loss
distribution by a Gaussian mixture rather than a single Gaussian. In the GSF
track fit a sudden curvature radius change is properly taken into account but
it requires also a very high CPU-time consumption. So it is slower than the
KF and consequently it cannot be used for tracking all the charged particles
but it can be run on a limited number of seeds.

4.2.1 Seeding strategies

In CMS there are two electron reconstruction algorithms whose difference is
related to the seeding procedure: “Ecal driven” and “Tracker driven” proce-
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Figure 4.3: Schematical view of an electron reconstructed in CMS. The track
is reconstructed using the GSF algorithm in order to take into account the
change in the trajectory due to energetic bremsstrahlung photon emission.
The energy deposits belonging to the emitted photons are collected together
to the electron cluster by the clustering algorithm.

dures.

e Ecal driven: This procedure starts from the ECAL measurement and
then a track is associated to it. The basic idea of this method is that
the position of the barycentre of all the energy deposits of an electron is
on the helix of the initial electron energy propagated through the mag-
netic field without any radiation emission. So the supercluster energy
and positions are used to extrapolate the electron trajectory towards the
vertex. The performance of this method depends on the ability to re-
construct the supercluster from all Bremsstrahlung energy photon and
electron energy deposits. This algorithm is more suitable for isolated
and high pr electrons as, if an electron is inside a jet, the determination
of the barycentre of all deposits from the electron is biased by deposits
from other particles. Moreover, because of the high track multiplicity,
a back-propagated track could be compatible with several track seeds
from other charged particles.

e Tracker driven: This algorithm starts with the track reconstructions
applying the KF algorithm. Initially the tracks are reconstructed us-
ing a standard KF algorithm. As we have already discussed, a trajec-
tory can be accurately reconstructed with the KF approach if electron
bremsstrahlung radiation is negligible. In that case KF track collects
hits up to the ECAL, matching the closest PF cluster, and the mo-
mentum is measured with good precision. Each KF track which has
a direction compatible with the position of the closest PF cluster and
that verifies the condition E,, < E/p < 3 has its seed selected for
further electron track reconstruction (where E,,, is set to 0.65 for elec-
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trons with 2 < pr < 6 GeV and 0.75 for electrons with pr > 6 GeV).
Some tracks that do not satisfy that condition because a non-negligible
bremsstrahlung radiation may have occurred are then refitted using the
Gaussian Sum Filter. This algorithm is more suitable to reconstruct
electrons with low energy (below 10 GeV) or non isolated electrons.

Electron track-cluster association

The electron candidates are built from the matching of a supercluster with a
GSF track. For the ECAL driven seeded electrons, the supercluster associated
to the track is simply the one reconstructed by the hybrid or the multi5x5
algorithm from which the seed was found. For the electrons seeded using the
tracker driven approach the supercluster is composed by several PF clusters
that correspond to the electron and the emitted bremsstrahlung photons along
the trajectory. The electron PF cluster is the one matched to the track while
the clusters due to Bremsstrahlung photons are identified using the tangent
to the electron track at each point of intersection with the tracker layer. Most
of the bremsstrahlung photons are recovered in this way. For those photons,
a specific procedure is performed, selecting displaced KF tracks with a multi-
variate criterium associating them with PF clusters.

4.2.2 Electron Identification

Several strategies have been developed in order to distinguish the identified
primary isolated signal electrons from background sources originated from elec-
trons coming from the semileptonic decays of b or ¢ jets and from jets faking
electrons. A set of discriminating variables is used in order to have a bet-
ter identification of isolated and high transverse momentum electrons. These
variables provide some discriminating power and can be grouped into three
main categories. Observables related to the comparison between the mea-
surements obtained from ECAL and those from the tracker. The comparison
is between the ECAL supercluster energy and the track momentum. Purely
calorimetric observables are particularly useful to distinguish real electrons
(signal electrons or electrons from photon conversions) from fake electrons
(like jets having a large electromagnetic component). The variables used are
based on the transverse shape of electromagnetic showers in ECAL and exploit
the fact that electromagnetic showers are narrower than hadronic ones. Elec-
tromagnitic showers are shorter and fully contained in the ECAL so the ratio
of the energy in the HCAL behind the supercluster energy is an important
observable. Purely tracking observables are finally employed to improve the
separation between electrons and charged hadrons, exploiting the difference
between the information obtained from the Kalman Filter and the Gaussian
Sum Filter track fits.
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4.2.3 7Z — ete  selection

A Z boson decaying into an electron pair is reconstructed from its decay
products. Two opposite charge particle flow electrons have to be identified
with a transverse momentum greater than 20 GeV and in the region individ-
uated by | n |< 2.4. The pair is selected if the reconstructed invariant mass
is compatible with the Z boson mass so if it is in the range [71, 111] GeV.
The electron selection is performed using some selection requirements on the
following variables:

e An: the distance in 7 between the supercluster position and the track
extrapolation to the point of closest approach to the supercluster position

e A¢: difference angle in the transverse plane between the supercluster
position and and the track extrapolation to the point of closest approach
to the supercluster position

e H/E: the ratio between the Hadronic calorimetric tower energy behind
seed crystal of the seed basic cluster (H) and the energy of the electro-
magnetic supercluster (E)

® 0ipin: this shower shape variable represents the covariance of the energy
deposits in the n direction. Hadronic deposits in ECAL have a larger
spread in the n direction with respect to pure electromagnetic deposits

e | 1/Esc — 1/p |: E being the supercluster electron energy and p the
track momentum at vertex

e dyand d,: the impact parameter of the electron defined as the transverse
and longitudinal distances respectively to the primary vertex at the point
of closest approach in the transverse plane. These variables are used in
order to reject those electrons coming from the conversions. So the
dielectron vertex position is compared to the closer primary vertex

e missing hits: the number of hits used for the track reconstruction. It is
required that the number of hits missing in the pixel layers to be below
a cut threshold

e PF iso: isolation variables are used in order to reject the semileptonic
decay of b, ¢ quarks inside a jet. the Particle Flow isolation is defined
as a combination of the activity of charged, neutral particles around the
direction of the considered electron after that the electron deposit has
been properly removed:

1
I= pT[Ich +max(Lyn + Iy — 0.514pv, 0)] AR<0.3- (4.1)
T
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Where p7, is the transverse momentum of the electron, I, is the sum
of the transverse energy of all the charge particles within the cone of
AR < 0.3, excluding the electron, coming from primary vertex, I, and
I, are the sums of the transverse energy of all the neutral hadron within
the cone and the photons respectively. I.,py is an estimate charged
particle deposits not from primary vertex.

4.3 Muons

Muons with enough energy can pass the whole CMS detector, thus tracks of
muons can be reconstructed both in the tracker and in the muon system. In
CMS tracks are first reconstructed independently in the inner tracker (tracker
track) and in the muon system (standalone-muon track). The muon recon-
struction is then based on these two independent measurements, using two
different approaches: “Global Muon” reconstruction (outside-in) and “Tracker
Muon” reconstruction (inside-out).

e Global Muon reconstruction: for each track reconstructed in the muon
chambers a matching with a tracker track is looked for comparing the
parameters of the two tracks propagated onto a common surface. Using
a Kalman filter technique a global muon track is fitted, combining the
hits from the tracker track and standalone-muon track. At high trans-
verse momentum (pp >200 GeV) the global muon fit can improve the
momentum resolution respect to the one obtained using a tracker only
fit. [117,118].

e Tracker Muon reconstruction: this method starts from all tracker tracks
with pr > 0.5 GeV and total momentum p > 2.5 GeV that are considered
as possible muon candidates and are extrapolated to the muon system
taking into account the effects produced by multiple Coulomb scattering
in the detector material, the magnetic field and the average expected
energy losses. If at least one muon segment (a short track stub made
of DT or CSC hits) is geometrically matched to the extrapolated track,
the corresponding tracker track is taken as Tracker Muon.

Calibration of track momentum

The determination of muon track parameters, as the transverse momentum,
is highly sensitive to the precise alignment of the silicon sensors of the tracker
and of the muon chambers, to the material budget in the detector, to the
detailed map of the magnetic field inside and outside the solenoid volume, and
in general to the performance of tracking detectors. A correction to the track
momentum is then needed in order to take into account our imperfect knowl-
edge and modeling of the sub-detectors alignment, of the detector material,
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and of the magnetic field. The calibration of track momentum and the inves-
tigation of systematic effects introduced by these sources rely on the use well
known resonances (J/W, T or Z). The strategy of the algorithm developed
is to extract all the information by combining the reconstructed kinematics
of the muon pair with the parent’s invariant mass. A probabilistic approach
is necessary in order to relate the difference between expected and observed
mass with a hypothetical bias on the measured parameters of either or both
daughter tracks. A multi-parameter likelihood fit is the best approach to the
solution of this problem. A set of functions describing the dependence on track
kinematics of those biases (offsets from the true values) and measurement res-
olutions are defined. Their features have a direct correspondence with the
possible imperfect description of the detector material, of the alignment of the
sensitive devices, of the magnetic field map. Different scenarii are considered:

Tracker misaligned

Muon System (DT and CSC) misaligned

Both Muon System (DT and CSC) and Tracker misaligned

B distorted by 2 permill everywhere in the detector

B distorted by 2 permill in the solenoid, 2 percent in the barrel yoke, 5
percent in the endcaps

a multivariate likelihood approach is then applied. The best estimate of the
parameters of those functions can be determined from a likelihood minimiza-
tion. The momentum scale corrections applied in this analysis are provided
by the MuScleFit (Muon Scale Fit) package [119].

4.3.1 Z — pn'p selection

Particle Flow muons with opposite charge and with and invariant mass within
the range [71, 111] GeV have to be select in order to identify the Z boson. The
reconstruction of the muons considered in this analysis is based on the Global
Muon reconstruction. However additional identification criteria are applied on
the reconstructed muons in order to reduce the muon fake rate while keeping
the selection efficiency high. The following set of variables is used:

e 2 of the global fit, normalised to the number of degrees of freedom
(x%/d.o.f): it ensures a good quality of the global fit which is used to
estimate the muon parameters, and allows to reduce mismatchings of
tracker tracks and standalone muons

® Npits: minimum number of hits in the tracker, considering both the pixel
and the strip hits. This requirement allows to reduce the combinatorics
reducing the probability of wrong matching and ensuring an accurate
transverse momentum measurement
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e minimum number of hits in the muon system. This is an additional
protection against punch-through hadrons and ensures a good muon pa-
rameter estimate

e dy: distance of closest approach with respect to the beam line in the
x — y plane. The cut on this variable allows to reject cosmic muons.
Also many decay-in-flight muons are rejected. A remaining contribution
from decays of b or ¢ hadrons cannot be excluded

e at least 1 hit in the pixel detector: with this requirement decay-in-flight
muons are further suppressed and the trajectory close to the interaction
region is enhanced

e PF iso: the isolation variable is defined inside a cone in the i — ¢ space
around the muon with a AR = 0.3. It is given combining tracker and
calorimetric measurements:

1
(5
T

IM = [Ich + ma:c([nh + Iy —0.514pU, 0)]AR<O.3- (4.2)

4.4 Jet Reconstruction

The QCD confinement implies that the partons, produced in a proton-proton
collision, form colorless hadrons which are collimated particle showers moving
along the direction of the originating parton, called jets. The jets play a key
role at LHC because, due to their large production cross section, they allow
studies of new kinematic regimes, confronting predictions of perturbative QCD
and probing physics processes within and beyond the Standard Model. The
understanding of the energy calibration and resolution of the jets becomes a
crucial point and it represents one of the leading source of systematic uncer-
tainty when the processes studied have jets in the final state. The combination
of the contributions of all the subdetectors are used in CMS in order to re-
construct jets. Three different clustering algorithms have been implemented:
Calorimeter jets, Jet-Plus-Track (JPT) jets, Particle-Flow (PF) jets.

e Calorimeter jets: they are reconstructed using the combination of the
measurement of the electromagnetic and hadronic calorimeters. One or
more HCAL cells and the geometrically corresponding ECAL crystals
are combined together in a calorimeter tower. In the barrel region the
unweighted sum of one single HCAL cell and 5x5 ECAL crystals form a
projective calorimeter tower. The association between the HCAL cells
and ECAL crystal is instead more complex in the endcap region. In
order to reduce the effects of calorimeter readout electronics noise, the
cells considered to build the calorimetric towers must have a minimum
threshold in energy and also a cut with the missing transverse energy is
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applied. Moreover an additional cut is applied on the transverse energy
(Er < 0.3 GeV) to suppress contribution from event pile-up.

o Jet-Plus-Tracks: algorithm [120] uses not only the measurement from the
electromagnetic and hadronic calorimeters but also the excellent perfor-
mance of the CMS tracking detectors is exploited in order to improve the
resolution of calorimeter jets. The first step of this algorithm consists in
the reconstruction of calorimeter jets as described above. Then charged
particle tracks are geometrically associated with each jets considering
the separation in n — ¢ between the jet axis and the track direction.
The tracks extrapolated to the calorimeter surface are then classified as
“in-cone”, if they point to within the jet cone around the jet axis, or
“out-cone”, if the the magnetic field has bent the track out of the jet
cone. The momenta of both in-cone and out-cone tracks are then added
to the energy of the associated calorimeter jet. Based on the momentum
measurement of the track, an expected average energy deposition in the
calorimeter is then subtracted for the in-cone tracks. The direction of
the axis of the original calorimeter jet is also corrected by the algorithm.

e Particle Flow (PF) jets. As already discussed, the Particle Flow al-
gorithm allows to identify all the stable particles of the final state of
an event combining the information from all the subdetectors. In this
way electrons, muon, photons, charged and neutral hadrons are recon-
structed. In particular charged hadrons are identified by the matching of
tracks and calorimeter clusters not reconstructed as electrons. Neutral
hadrons are reconstructed from energy clusters in the electromagnetic
and hadron calorimeters. Clusters separated from the extrapolated po-
sition of tracks in the calorimeters constitute a clear signature of these
neutral particles. PF jets are then reconstructed from the resulting list
of final state particles as represented in fig. 4.4. The PF jets show an
improved momentum and spatial resolution respect to the calorimeter
jets. This is due to the excellent ECAL granularity and the good perfor-
mance of the tracking detector that combined together provide precise
measurement of charged hadrons and photons inside a jet whose energy
is composed for the 90% of these types of particles.

4.4.1 Jet clustering algorithm

Several approaches are available for the jet clustering and all of them can be
grouped into two different classes: “cone algorithms” [121] and “sequential
recombination” [122]. The first one is based on the idea of defining a jet as a
cone around the direction of dominant energy flow. To find directions of dom-
inant energy flow, cone algorithms usually take some of the event particles
as seeds. Then for each seed a list of particles in a cone is established. The
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Figure 4.4: Schematic view of the Particle Flow algorithm. Particles are ob-
tained from the combination of tracks and energy deposits. The PF algorithm
attempts to fully reconstruct an event using the information from all CMS
subdetectors.

sum of the four momenta of all the particles considered in the cone is evalu-
ated and the resulting four-momentum is used as a new trial direction for the
cone. This procedure is iterated until the cone direction no longer changes,
and so until one has a “stable cone”. The second type of clustering algorithm
is instead based on the definition of a distance between pairs of particles,
performing successive recombinations of pair of closest particles and stopping
when all resulting objects are too far apart. The algorithms that belong to
this class differ for the definition of the distance. An important characteristic
that jet clustering algorithms must have is the InfraRed and Collinear safety
(IRC-safe), in order to be independent of infrared and collinear corrections in
perturbative QCD. The infrared corrections concern the emission of a gluon
with an infinitely low energy while the collinear corrections concern the split-
ting of a hard particle into two collinear particles. The algorithm is IRC-safe
if the number of reconstructed jets is not affected. The standard TRC-safe
algorithms used in CMS are the SISCone [123] (cone algorithm) and the k;
and anti-k; algorithms [124].

anti-kp algorithm

The k; and anti-k; algorithms introduce a distance d;; between two particles
(i and j) and d;p that is the distance between the particle ¢ and the beam:

2p ;2 A
dij = mzn(kmp, k?tjp) Rj y (43)
dip = k7, (4.4)
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where R is the radius parameter that characterizes the method (in this analy-
sis the anti-k; is used with a R=0.5). Agj = (yi — yj)* + (¢i — ¢§)?, kti, yi and
¢; are respectively the transverse momentum, the rapidity and azimuth of the
particle ¢ while p is a parameter that distinguishes among different distance
definitions. The distances d;p and d;; for each particle i are calculated and the
smallest distance between d;; and d;p is identified. If the condition d;; < d;p
is verified then the particles ¢ and j are recombined, while if d;; > d;p, ¢ is con-
sidered as a jet and removed from the list of the final particles. The distances
are then evaluated again and the procedure is repeated until no particles are
left. The parameter p that is present in the definition of the distances can
have different values, identifying different jet clustering algorithms: p = 1
defines the k; algorithm, the case of p = 0 corresponds to the inclusive Cam-
bridge/Aachen algorithm [125] while p = —1 refers to the anti-k; algorithm.
The anti-k; algorithm is the one adopted in the clusterization of jets in this
work. The functionality of the anti-k; algorithm is clear if one assumes to
have an event with few well separated hard particles with transverse momenta
ki1, kio, ... and many soft particles. The distance di; between the hard par-
ticle 1 and the soft particle 7 is dominated by the transverse momentum of
the hard particle k4 and by the Ay; separation. The d;; separation between
softer particles results to be much larger. Therefore soft particles will tend to
cluster with hard ones long before they cluster among themselves. If no hard
particles are within a distance 2R respect to another hard particle, then it will
be clustered with all the soft particles inside a circle of radius R obtaining a
perfect conical jet. If two hard particles satisfy the condition R < A1y < 2R
then there will be two hard jets. In this case it is not possible for both the jets
to be perfectly conical. If ki > ko then jet 2 will be partly conical because it
will miss the part overlapping jet 1 that, instead, will be conical. If ki1 = ko
neither jets will be conical and the part of overlap will be equally divided
between them. Finally if two hard particles (1 and 2) are within a distance
A1o < R they are joined to form a single jet that could be conical centred
on ki (if k¢ > kyo) or have a more complex shape (if k4 ~ ky2). From what
has been discussed a key feature appears evident: the soft particles do not
modify the shape of the jet, while hard particles do, the jet boundary in this
algorithm is resilient with respect to soft radiation, but flexible with respect
to hard radiation. The behaviours of different jet algorithms are illustrated in
fig. 4.5.

4.4.2 Jet energy calibration

The real parameters of the original parton, originating the jet, reflect on the
measured jet parameters. However the jet energy measured in the detector
generally differs from the corresponding particle jet energy. The main cause for
this energy mismatch is the non-uniform and non-linear response of the CMS
calorimeters. Furthermore, electronics noise and additional proton-proton in-
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Figure 4.5: A sample parton-level event (generated with Herwig), together
with many random soft “ghosts”, clustered with four different jets algorithms,
illustrating the “active” catchment areas of the resulting hard jets. For kt and
Cam/Aachen the detailed shapes are in part determined by the specific set of
ghosts used, and change when the ghosts are modified [124].

teractions in the same bunch crossing (pileup event) can lead to extra un-
wanted energy. The jet energy corrections (JEC) allow to relate, on average,
the energy measured in the detector for the jet to the energy of the corre-
sponding true particle jet. A true particle jet results from the clustering of all
stable particles originating from the parton fragmentation and of the particles
from the underlying event activity. The correction is applied as multiplicative
factor C' to the each component of the raw measurement of the transverse

momentum of the jet (pj**):

p’CLOTT':C'pLaw. (45)

The factor C' corresponds to three subsequent corrections: offset, relative and
absolute corrections and this sequence for the jet energy correction can be
expressed by:

C = Coppset (D) X Cra(n,pr) X Caps(pr), (4.6)
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where p; is the transverse momentum of the jet corrected for offset and p/T =
p; X CRrer(n, p;) is the transverse momentum of the jet corrected for offset and
pseudorapidity dependence. Coffset (D), Crer and Caps represent the three
corrections applied.

o Corrset (™) (LV1 - offset) is the offset correction; the first correction
applied in the chain of factorized corrections. Its purpose is to correct the
excess of measured energy due to electronic noise and to the presence of
pileup events. Three methods have been developed in CMS to extract the
offset correction: the jet area, the average offset and the hybrid jet area
methods. A description of the jet area [126] [127] method is given as it
has been adopted in this work. The idea of this approach is to estimate
an average pr density p per unit area for each event. This density p
allows to describe the soft jet activity and includes the contributions from
the underlying event, the electronic noise and the pileup. A large number
of soft four momentum vectors (soft enough not to change the properties
of the true jets) are artificially added in the event and clustered by the
jet algorithm together with the true jet components. In order to extract
this correction two quantities are needed: the active area A; and the p
density. The region in the y — ¢ space occupied by the soft particles
clustered in each jet defines the active area A;. An average pr-density is
estimated applying the kr algorithm with a distance parameter R = 0.6
that naturally clusters a large number of soft jets in each event. So an
event-by-event and jet-by-jet pileup correction factor can be defined:

(p— <pur >)-4;
C(pTTaw7 j?p) =1- prTaw ]’ (47>

where < pygp > is the ppr-density component due to the UE and elec-
tronic noise and is measured in events with exactly one reconstructed
primary vertex (no pileup).

e CRe (LV2 - relative) is the relative correction that ensures a flat response
in jet psudorapidity removing variations in jet response versus jet 7,
fixing the jet pr. To derive the relative energy corrections from collider
data, the dijet balance technique is used [128]. The idea is to use pr
balance in back to back dijet events where one jet is in the central (|
n |< 1.3) control region of the calorimeter (barrel jet) while the other
(probe jet) is at an arbitrary n. The central region is chosen as reference
because of the uniformity of the detector, and because it has highest jet
transverse momentum reach. The balance quantity B is defined as:

robe pbarrel

p=-rL T (4.8)

ave

pr
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where p$’¢ is the average pr of the two leadings jets:

barrel Tobe
+

The balance B is recorded in bins of 7P and p7’¢. The average value

< B >, in a given p7’® and nPT°% bin is used to determine the relative

ave

response Ry.q;(nProverr’):

(ZU672+<B>

Ry (1" PP ) = < B> (4.10)

The R variable is an estimator of the relative response.

e Cps (LV3 - absolute) is the absolute correction that removes variations
in jet response versus jet transverse momentum. It is measured with
the “missing transverse energy projection fraction” (MPF) method using
~v/Z+jets events. This method is based on the fact that these events have
no intrinsic missing transverse energy (MET) and, at parton level, the
~ or the Z is perfectly balanced by the hadronic recoil in the transverse
plane:

py? + piEeeit = 0. (4.11)

For reconstructed objects, this equation can be re-written as:
R'y,Zp%Z + RrecoilprTSCOil = _MET7 (412)

where R, 7 and R,...i are the detector responses to the v or Z and the
hadronic recoil respectively. The R ecoi is then given by:

MET - p?
Rrecoil = R'y,Z + T A 7o = RMPF. (413)
(p'W )2
T

This equation forms the definition of MPF response Rj;pr. The last
step is to extract the jet energy response from the measured MPF. In
general, the recoil consists of additional jets, beyond the leading one,
soft particles and unclustered energy. Ricagjet = Rrecot can be assumed
in good approximation if the particles, that are not clustered into the
leading jet, have a response similar to the ones inside the jet, or if these
particles are in a direction perpendicular to the photon axis.

These three corrections have been derived using Monte Carlo simulation
that can provide an estimate of the particle jet energy. For data events how-
ever, additional corrections (LV2LV3Res - residual calibration) are applied in
a fourth step, to account for differences on the detector responses in simulation
and reality. For this reason they are applied on data only. They are py and 7
dependent and follow the approach of the L2 and L3 corrections. The residual
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correction is defined by the difference of these corrections on simulated and
data events.

The non linear response of the calorimeters mainly affect the calorimetric
jets as only calorimetric measurements are used to reconstruct this type of
jets. The track-based jet types (JPT and PF) require much smaller correction
factors because the charged component of the jet shower is measured accu-
rately in the CMS tracker as shown in fig. 4.6. Corrections dependence versus
7 is more stable for PF jets than for CALO and JPT jets.
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Figure 4.6: Jet energy correction factors obtained from a Monte Carlo simu-
lation at /s = 7 TeV reconstructing CALO, JPT, and PF jets as a function
of jet n and jet py. Jets are reconstructed using the anti-k7 algorithm [129].

4.4.3 Jet identification

In this thesis the jets used are PF jets clustered with the anti-kr algorithm
with a distance parameter R = 0.5. The measured jet energy is corrected
with the scheme described above. To reduce the jet fake rate, additional
identification criteria are necessary to select only real hadronic jets. However
they are kept at low thresholds to maintain high selection efficiency. All jets
have to fulfil the following requirements:

e Neutral hadronic fraction below 99%

e Neutral electromagnetic fraction below 99%

83



4. Event Reconstruction 4.5. FLAVOR IDENTIFICATION

At least two constituents

Charged hadronic fraction above 0%

Charged electromagnetic fraction below 99%

At least one charged constituent

4.5 Flavor identification

A wide number of processes that involve the jets arising from bottom quark
hadronization (b jets) is present in the physics program of the CMS experi-
ment. The accurate identification of b jets becomes a crucial point in several
analysis. For this reason a considerable effort is devoted to the identification
of b flavored jets (b jet tagging) trying to reduce background from processes
involving jets from gluons (g) and light-flavor quarks (u, d, s), and from ¢
quark fragmentation. The b tagging algorithms exploit the distinct properties
of b hadrons which are the product of b quark fragmentation:

e The relatively long life-time of b hadrons, 7 ~ 1.5ps corresponding to
an average decay length of A = (Bv)cr =450um. It implies a displaced
vertex (secondary vertex) that can be reconstructed relying on the ex-
cellence of the CMS inner tracking system.

e The final state of a B hadron decay contains 5 tracks on average, all
having a sizable impact parameter (IP), which is defined as the distance
from the PV to the track at their point of closest approach in space.

e The B hadron semileptonic decay can become a useful discriminator to
perform a b tagging, using the presence of a soft lepton among the B
decay products.

In order to discriminate between b and light-parton jets, several recon-
structed objects, such as tracks, vertices and identified leptons, can be used to
build discriminating variables. Some algorithms use just a single observable,
while others combine several of these objects to improve the discrimination
power. Each of these algorithms produces a single discriminator value for
each jet. The minimum thresholds imposed on these discriminators, define
different working points: loose (“L”), medium (“M”) and tight (“I”) corre-
sponding to misidentification probability for light-parton jets of 10%, 1%, and
0.1%, respectively, at an average jet pr of about 80 GeV. The b jet tagging
algorithms are applied to clustered jets and exploit the measured kinematic
properties of charged particles, including identified leptons, inside it. Tracks
are the most powerful ingredients for b tagging algorithms and only those
fulfilling the following criteria are used:
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e angular distance between track and jet axis AR < 0.3
e at least 2 pixel hits and 8 tracker hits (including pixel)

e distance smaller than 0.2 cm (17 cm) in the transverse plane (along the
beam axis) between the track and the primary vertex at the point of
closest approach of the trajectory to the PV in the transverse plane

e transverse momentum greater than 1 GeV

e 2 normalised to the number of degrees of freedom in the fit less than 5
in order to ensure a good fit

e distance to jet axis < 0.07 cm, defined as the spatial distance between
the trajectory and the jet axis at their point of closest approach, where
the jet axis is reconstructed with respect to the primary vertex

e decay length < 5 cm, defined as the spatial distance between the PV
and the point of closest approach between the track trajectory and the
jet axis.

Several algorithms have been developed in order to perform the b tag-
ging and two categories can be distinguished depending on the observables
exploited: impact parameter (IP) or secondary vertices (SV). The impact pa-
rameter is defined as the distance from the primary vertex (PV) to the track
at their point of closest approach in space. Examples of algorithms based on
the measurement of the impact parameters are the Track Counting (TC) that
sorts tracks in a jet by decreasing values of the IP significance and the Jet
Probability (JP) that uses an estimate of the likelihood that all tracks associ-
ated to the jet come from the primary vertex. Secondary vertices (SV) within
jets are reconstructed using the adaptive vertex fitter [130]. The resulting list
of vertices is then subject to a cleaning procedure, rejecting SV candidates
that share 65% or more of their tracks with the primary vertex. The distance
in space from the primary vertex to the secondary vertex, the flight distance,
can be then used to identify long-lived particles and its significance must ex-
ceed 30. SV candidates with a radial distance from the primary vertex greater
than 2.5 cm whose associated tracks form an invariant mass compatible with
the K9 mass are rejected.

4.5.1 Identification using track impact parameters

The impact parameter of a track with respect to the primary vertex is a
useful observable to distinguish the decay products of a B hadron from prompt
tracks. The sign of the impact parameter allows to discriminate among the
prompt tracks and those coming from the B hadron. The sign of the IP is the
same of the scalar product of the vector pointing from the primary vertex to
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the point of closest approach with the jet direction. Tracks originating from
the decay of particles travelling along the jet axis will tend to have positive IP
values. In contrast, the impact parameters of prompt tracks can have positive
or negative IP values. The track impact parameter can be calculated either in
the plane normal to the beam axis (transverse impact parameter) or in three
dimensions (3D impact parameter). The first has the advantage of being less
sensible to the uncertainty on the primary vertex position due to the small
size of the LHC beam spot in the transverse plane (less than 20 um x 20 um).
The 3D impact parameter is affected by the larger error on the primary vertex
position in the z direction. The experimental resolution is taken into account
using the track impact parameter significance S7p defined as the ratio of the
IP to its estimated uncertainty. In fig. 4.7 the distributions of IP values and
their significance are shown.
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Figure 4.7: Distributions of the 3D impact parameter and the significance
of the 3D impact parameter for all the selected tracks measured with 7 TeV
collision data in 2011 by CMS. Different flavors compositions are presented in
different colours showing the tagging power of the tagger.

The impact parameter significance has discriminating power between the
decay products of b and non b jets. The Track Counting (TC) b tagging
algorithm is based on the high multiplicity of charged tracks produced in the
decay of a b hadron (about 5 tracks). This algorithm firstly sorts tracks in
a jet by decreasing values of the IP significance. The jet is tagged if there
are enough tracks with an impact parameter significance exceeding a given
cut. A natural extension of the TC algorithms is the combination of the IP
information of several tracks in a jet. Two b tagging discriminators can be
built from the impact parameter calculation and used in dedicated algorithms
called: Jet Probability (JP) and Jet B Probability (JBP). The JP algorithm
uses an estimate of the likelihood that all the tracks associated to the jet come
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from the primary vertex. The JBP algorithm gives more weight to the tracks
with the highest IP significance, up to a maximum of four such tracks, which
matches the average number of reconstructed charged particles from B hadron
decays. The likelihood Pj¢; is defined as:

P =[] Z Z”H (4.14)
with

N
I1 =TI max(P:,0.005), (4.15)
i=1
where N is the number of tracks under consideration and P; is the estimated
probability for track 7 to come from the primary vertex.

4.5.2 Identification using secondary vertices

Another way to discriminate between b jets and non b jets is the reconstruction
of a secondary vertex and the kinematic variables associated with this vertex.
Since this b tagging algorithm uses not only the presence of a secondary vertex,
but also topological and kinematical variables related to the SV, it is desirable
to reconstruct the decay vertex as completely as possible, to increase the
discriminating power. The following quality cuts are applied to the resulting
vertices to select secondary vertex candidates coming from b hadron decays:

e The distance L; from the primary vertex to the secondary vertex in the
transverse plane has to be within 100 um < L; < 2.5 cm, and to have a
significance Ly/or, > 3;

e The invariant mass of charged particles associated to the vertex must be
compatible with a b quark, and thus not exceed 6.5 GeV;

e The vertex must not be compatible with a light neutral meson decay

After the reconstruction and selection of the secondary vertex three categories
can be individualized:

e Reco Vertex:
At least one secondary vertex has been reconstructed and the selection
requirements have been satisfied. If there is more than one accepted
secondary vertex all the tracks associated to them are used to build
vertex related variables.

e Pseudo Vertex:
If no reconstructed secondary vertex candidate has been found, a so-
called Pseudo Vertex is created from charged particle tracks not com-
patible with the event primary vertex, having a signed transverse impact
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parameter significance greater than two, if at least two such tracks are
present in the jet.

No Vertex:

This is the case of those events in which neither a Reco Vertex nor a
Pseudo Vertex candidates have been found. In this case this category
reverts to track-based variables that are combined in a way similar to
that of the JP algorithm.

An optimal performance is obtained by the combination of several topolog-
ical and kinematical variables related to the secondary vertex reconstruction
and to the the impact parameter significances of charged particle tracks. The
choice of the variables used in the combination depends on the vertex category.
If a Reco Vertex has been reconstructed the following variables are defined:

The invariant mass of charged particles associated to the secondary ver-
tex. If a jet comes from the hadronization of a b quark, the vertex
mass will be significantly above the mass of charm hadrons, suppressing
efficiently this background.

The charged track multiplicity. A larger track multiplicity is expected
for a B hadrons decay than for a charm hadron decay.

The distance between the primary vertex and the secondary vertex in
the transverse plane divided by its error. This is sensitive to the large
flight path of B hadrons.

The energy of charged particles associated to the secondary vertex di-
vided by the energy of all charged particles associated to the jet. This
quantity is sensitive to the hard fragmentation function of b and ¢ quarks.

The rapidities of charged particle tracks associated to the secondary

vertex with respect to the jet direction: y = % . ln(gi_i::). If n is the
charged particle multiplicity of the secondary vertex, this variable enters
for those n tracks. For b jets, the rapidities are on average smaller than
for ¢ jets because of the large mass of b hadrons resulting in larger angles

of the charged particle tracks relative to the jet axis.

In the case of the category 2, the significance of the flight distance cannot
be used as there is no attempt to fit the geometrical position of the “Pseu-
doVertex”, but all the other variables are used as input variables still offering
some discriminating power between b and non b jets. All these variables are
then combined into a single discriminant using a Likelihood function defined

as:

rhea — fb,c,q(a) « H fg’c’q(l'i)a (4.16)
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where « indicates the categories (o = 1,2,3), x; is the individual variable, ¢
refers to u, d, s quark or gluon jets, f®“9(a) is the probability for flavor b,
¢, q to fall into a category « and fg’c’q(xi) is the probability density function
for variable x; and the flavor b, ¢, light. The discriminating variable is then
defined as:
£b £b
d = fpa(c) x oyt fa(q) x 5 L0
where fpg(c,q) is the expected bayesian a priori probability for the charm
and light content in non b jets (fpg(c)+fpa(q)=1) The probability density
functions are extracted from a statistically independent sample of simulated
QCD events, and depend on the transverse jet energy and pseudorapidity.

(4.17)

4.5.3 Tagging efficiency

The measurement efficiency for each algorithm to select genuine b jets is really
crucial. Several techniques that can be applied to CMS data have been devel-
oped in order to measure the efficiency in situ. Some efficiency measurement
are performed using samples that include a jet with a muon within AR = 0.4
from the jet axis (“muon jet”). As the semileptonic branching fraction of B
hadrons is significantly larger than that for other hadrons, jets containing a
muon are more likely to arise from the hadronization of b quarks than from
another flavor. Moreover muons are identified very efficiently in the CMS de-
tector. These muons can be used to perform the b tagging efficiency because
the efficiencies of the muon- and lifetime-based b jet identification techniques
are largely uncorrelated. To determine the b tagging efficiency, two different
methods are used, based on kinematic properties of the muon-jets:

o “PtRel” method:
As a consequence of the large b quark mass, the momentum component
of the muon transverse to the jet axis, p?el, is large for muons from the B
hadron decay than for muons in light-parton jets or from charm hadrons.
This variable is then used as discriminant. The discriminating power of
this variable depends on the muon jet pr. The muon p?d distributions

provide better separation for jets with pr smaller than about 120 GeV.

e “IP3D” method:
The impact parameter of the muon track, calculated in three dimensions,
is larger for B hadrons than for other hadrons. In this case the IP

distribution has a greater discriminating power for jets with ppr > 120
GeV.

The muon-jets are separated into tagged and untagged subsamples by a dis-
criminator working point whose efficiency is to be measured. For the two
subsamples separately, the spectra of muon-jets p?el or IP3D are fitted using

templates of b, ¢, and udsg jets derived from simulation. From each fit the
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fractions of b jets ( Zag, Y ntag ) are extracted from the data. With these frac-

. . . tag untag
tions and the total yields of tagged and untagged muon jets (N, , Ny )
the number of b jets in data these samples are calculated, and the efficiency

Ezag for tagging b jets in data is inferred:

ftag . Ntag
gtag — b data (4 18)
b ftag . Ntag + funtag . Nuntag' :
b data b data

The b tagging efficiency for the CSVM criterion as a function of jet pr and
jet | | is shown in fig. 4.8.
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Figure 4.8: b tagging efficiencies and data/MC ratio as a function of pr jet
(jeft) and jet | n | (right). The grey filled area represents the total statistical
and systematic uncertainties [131].

An overview of the individual and combined measurements of the b tagging
efficiency scale factor for the CSVM criterion obtained using various methods
is shown in fig. 4.9.

Corrections can be applied to simulated events using a scale factor SFy,
defined as the ratio of the efficiency measured with collision data to the effi-
ciency found in the equivalent simulated samples, using Monte Carlo generator
level information to identify the jet flavor. The scale factors in general depend
on the jet flavor, jet pseudorapidity and jet transverse momentum. An event
weight can be calculated using the scale factors and applying it to Monte Carlo
events. A simpler example, in which only the leading two jets are taken for b
tagging, can be considered. An event in which both of the leading two jets are
b tagged can contribute to events with 2, 1, and 0 b tags with the following
event weights:

w(2|2) = SF1SF,, (4.19)

w(1)2) = (1 — SF)SFy + (1 — SFy)SFy, (4.20)

90



4. Event Reconstruction 4.5. FLAVOR IDENTIFICATION
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Figure 4.9: Individual (top) and combined (bottom) measurement of The
Combined Secondary Vertex Scale Factors calculated with different techniques
employed to evaluate the b tagging efficiency (coloured lines) as a function of
the jet pr with 8 TeV data [131].

w(0]2) = (1 — SF)(1 — SF), (4.21)

where w(n|m) (n < m) is the event weight for an event with m b tags to
contribute to events with n b tags and SF; and SF5 are the scale factors for
the leading and second leading jet, respectively. Similarly, an event in which
only one of the leading two jets is b tagged can contribute to events with 1
and 0 b tags with the following event weights:

w(1]1) = SF, (4.22)

w(0|1) = (1 — SF), (4.23)

while event with 0 b tagged jets can only contribute to events with 0 b tags
with an event weight of 1:
w(0]0) = 1. (4.24)

The method can be naturally extended to more complicated jet configurations.
The event weight corresponding to events with at least 1 b tag for which the
event weight is defined as:

w(> 1jn) = 1 — w(0|n), (4.25)
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where
n

w(0ln) = [J(1 - SF). (4.26)

i=1
Another, slightly more complicated, case corresponds to events with at least
2 b tags for which the event weight is defined as:

w(>2|n) =1 —w(0|n) —w(1l|n), (4.27)
with "
w(lln) =Y [ [ (- SF)SF;. (4.28)
J=1 i=1,i#j

The b tagging efficiency and scale factor as a function of the operating
point value is illustrated in fig. 4.10
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Figure 4.10: b jet tagging efficiency as a function of the discriminator threshold
for the CSV algorithm. The efficiency measured in data and predicted by
simulation are shown in the upper panel. The scale factor SFj, is shown in the
lower panel, where the blue dashed lines represent the combined statistical
and systematic uncertainties. The arrows indicate the standard operating
points [131].

4.6 Missing transverse energy

Neutral weakly interacting particles, such as neutrinos, do not produce any
direct response in the detector elements. The consequence is that these types
of particles are not detectable in a typical collider detector. Nevertheless
the presence of these particles can be inferred from the imbalance of total
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momentum. The vector momentum imbalance in the plane perpendicular to
the beam direction is known as missing transverse momentum ( £) and its
magnitude is called missing transverse energy and is denoted as F£p (MET).

Bt =N By, = — By, (4.29)

€X

where ETi = (Ey,, E,,) is the measured transverse momentum of the i’ recon-
structed object, X is the set of reconstructed objects (such as PF particles)
used to calculated /Ep. The equation 4.29 (Eg?t“l) defines the raw miss-
ing transverse energy that is systematically different from the true missing
transverse energy. The magnitude of the E}oml can be underestimated or
overestimated for a variety of reasons as the minimum energy thresholds in
the calorimeters, inefficiencies in the tracker and non linearity of the response
of the calorimeter for hadronic particles. These effects need to be taken into
account in order to have a better estimate of true E_}OW , so four types of
corrections are applied.

e Type-I:

It consists in the propagation of the jet energy corrections (JEC), de-
scribed in the previous section, to the MET. The Type-I correction re-
places the vector sum of transverse momenta of particles which can be
clustered as jets with the vector sum of the transverse momenta of the
jets to which JEC is applied. Classifying all the stable particles of the
event into two disjoint sets: clustered as jets or unclustered, the missing
transverse energy can be written as:

=— > vi— Y i (4.30)
i€jets i€uncl

The sum Ziejets pr, is the same as the vector sum of pr of all jets

without JEC application:
> oph =) Y. (4.31)

i€jets jets

The Type-I correction replaces the raw jet py with the corrected jet pp
so it can be written as the difference between the two vector sums:

Type 1 Z —raw Z —»JEC‘ (4‘32)

jets jets

e Type-II:
The Type-II correction corrects the energy deposits not clustered in any
jet, scaling them by a constant scale factor:

C_vg:ypefll _ (1 - Cuncl) Z ﬁT’L" (433)

i€uncl
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o Type-0:

The Type-0 correction is used to mitigate the degradation of the MET
reconstruction due to pileup interactions. The pileup interactions pro-
duce few invisible particles (as neutrinos from the Kaon decays) so that
has an effect on the MET reconstruction that shows a degradation as the
number of pileup interactions increases. The correction removes charged
hadrons originating from the vertices for pileup interactions and also an
estimate of neutral pileup contributions. The particles of final state can
be classified as whether they are produced in the hard scattering of inter-
est (HS) or in pileup interactions (PU). Moreover a further classification
can be done dividing the pileup particles into neutral particles (neuPU)
and charged particles (chPU). So the raw missing transverse energy can
be expressed as:

- raw . N s
ET == Z pr; — Z pr; — Z pT;. (4'34)
i€HS i€neuPU i€chPU

where the last two sums are taken over the neutral and charged parti-
cles produced in the pileup interactions. The charged pileup particles
can be identified from the vertices so in principle the last sum can be
measured. The charged and neutral pileup particles are produced in the
same interactions with a very little true MET. So at the true level it can

be assumed:
e+ ) pEe=o. (4.35)
i€neuPU i€chPU
The Type-0 correction also assumes that we can measure charged pile-up
particles perfectly thanks to the strong magnetic field and the fact that
pileup particles have a low pr so:

> #e= ) i (4.36)
i€chPU i€chPU

Furthermore, the Type-0 correction assumes that we can measure the
directions of neutral pileup particles perfectly and measure their energies
systematically off by the same factor:

Y e Y (437
i€EneuPU i€neuPU

With all these assumptions the contributions from the neutral pileup
particles, can be estimated as:

>, =R > 7 (4.38)
i€neuPU i€chPU
Then the Type-0 correction can expressed as:

Ci7=(1-R% Y 7. (4.39)
i€chPU
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o xy-Shift:

The xy-Shift correction reduces the MET ¢ modulation. This correction
is also a mitigation for the pileup effects. The distribution of the true
MET should not have a dependence on the ¢ variable because of the
symmetry in ¢ of the collisions around the beam axis. However due to
anisotropic detector responses, inactive calorimeter cells, the detector
misalignment, the displacement of the beam spot, a dependence on ¢ is
observed in the reconstructed MET. Moreover this modulation increases
linearly with the number of pileup interactions. Shifting the origin of
the coordinate in the transverse momentum plane:

pri — Pri — G, (4.40)

where € is the shift. So, with this shift, the missing transverse energy is:

Er ==Y pri—-d = Er +n-¢ (4.41)

i€all

where n is the number of particles. The total shift n - ¢ does not depend
on the value of MET. The xy-Shift correction is:

Cy¥ =né (4.42)

Applying all the corrections described above, the corrected value of the MET
will be:

- corr -2 raw

ET == ET + A, (443)

where A is the sum of the four corrections:
SType—I = AType—II , AType—0 , A
A= CType + CType + C’Typ6 + C’é,’iy. (4.44)

The missing transverse energy is an important observable in several anal-
yses as it allows to discriminate signature containing neutrinos from back-
grounds that do not have the contribution from this type of particle. So it
plays a key role in many physics analyses at the LHC. A nonzero value of the
missing transverse energy is not only related to the production of neutrinos
in the collision but other causes can also be identified such as: measurement
resolution, reconstruction inefficiencies and instrumental defects. In order
to identify those events where the reconstructed /ET is consistent only with
contributions from particle measurement resolutions and reconstruction inef-
ficiencies the ﬁ'T significance, S can be evaluated. Three quantities, for each
reconstructed object, are relevant for the derivation of the significance: true
transverse momentum éep;, the reconstructed transverse momentum ETi and
their difference e7; = ETi — ep;. The likelihood of observing a total transverse
momentum € under the null hypothesis, for the two object case, is given by:

L = [ P@ler) P@ler)i@- @ +a)dads,  (145)
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For an arbitrary number of input objects, the full likelihood function can be

generated by a recursive application of eq.4.45. The significance is defined as
the log-likelihood ratio:

L

S=2-In( ) (4.46)

The significance gives the likelihood that the observed /7 is consistent with

zero given the reconstructed content of the event and known measurement
resolutions.
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Chapter 5

Z-+b jet selection

As we have already discussed in Chapter 2, the associated production of the
Z boson with one or at least two b jets is a really promising channel both in
the search context and to perform pQCD tests. It represents an irreducible
background for several Standard Model and beyond SM processes, and for this
reason it is of great interest to characterize accurately the Z+b process. More-
over, it could provide precious information to improve our knowledge about
the production mechanism of processes in which a b quark is involved, allow-
ing a more accurate description of theoretical calculations. In this thesis two
processes are studied: the associated production of the Z boson with exactly
one b jet and with at least two b jets. It is interesting to explore separately the
two processes because different production mechanisms are involved, but, at
the same time, studying them in the same analysis is fundamental in order to
take into account possible inefficiencies in the tagging of the jets originating
from b quarks and consequently migrations of events from one sample to the
other.

In this Chapter the details of the strategy adopted to identify the events
where a Z boson is produced in association with exactly one (referred as Z+1b
from now on) or at least two b jets (referred as Z+2b) are described. The
characteristics of data and Monte Carlo simulation samples used are discussed
and a description of the main steps of the analysis are provided. This chapter
is organized as follows. The first part is dedicated to the description of the
data samples used both for the signal and for the Monte Carlo samples. Then
the procedure adopted to select the sample events both the online and the
offline selection will be analysed. Details on the methods adopted to extract
the background contributions are provided with a dedicated section for the ¢
background. A particular attention has been used to describe the extraction
of the b purity of selected events, which has been estimated simultaneously in
the Z41b and Z+2b samples.
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5.1 Data and Monte Carlo samples

The study of Z+1b jet and Z+2b jets processes, detailed in this Chapter, has
been performed using the full 2012 proton-proton collision data at a center
mass energy of 8 TeV. The data have been collected by the CMS experiment
at LHC from April 4th to December 16th, 2012. Data must be certified before
they can be used for analysis to ensure the good operational status of all
subdetectors at the time of data taking. Therefore there is a difference in the
integrated luminosity delivered by the LHC machine and the one available
for data analysis. In 2012 the luminosity delivered by LHC was about 23.30
fb~=! [132], while 21.79 fb~! were recorded by the CMS detector and 19.79 fb~!
certified as good for physics analysis during stable beams as shown in fig.5.1.
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Figure 5.1: The Luminosity delivered by LHC, recorded by CMS and certified
as good for physics analysis during stable beams in 2012 at a center mass
energy of 8 TeV.

The data samples used in the Z+b analysis correspond to an integrated
luminosity L = 19.78 fb~! in the Z — eTe™ selection and L = 19.75 fb~!
in the Z — ptp~ selection. Due to different physics interests, all data
collected by the CMS detector are subdivided into Primary Datasets (PD)
each with specific trigger requirements. The analysis relies on the so-called
DoubleElectron, DoubleMu PDs in which a lepton pair is selected by the trig-
ger with specific requirements that will be discussed later. The 2012 data
taking has been performed in four different run periods (named A, B, C and
D) that refer to different detector and beam conditions. In table 5.1 details

98



5. Z+Db jet selection 5.1. DATA AND MONTE CARLO SAMPLES

about each period and the corresponding PDs are provided, while tables 5.2
and 5.3 summarize the integrated luminosity available for each PDs used in
the analysis for Z — ete™ and the Z — p*pu~ selection.

In this analysis the primary dataset (MuEG) is used in order to evaluate the ¢t
background using a data-driven approach.

Run range ‘ Primary datasets

Run2012A: /DoubleElectron/Run2012A-22Jan2013-v1
190456-193621 /DoubleMu/Run2012A-22Jan2013-v1
Run2012B: /DoubleElectron/Run2012B-22Jan2013-v1
193833-196531 | /DoubleMuParked/Run2012B-22Jan2013-v1
Run2012C: /DoubleElectron/Run2012C-22Jan2013-v1
198022-203742 | /DoubleMuParked/Run2012C-22Jan2013-v1
Run2012D: /DoubleElectron/Run2012D-22Jan2013-v1
203777-208686 | /DoubleMuParked/Run2012D-22Jan2013-v1

Table 5.1: List of Primary Datasets (PD) used in the analysis for each run
period both for the electron and muon final state.

5.1.1 Monte Carlo samples

In order to predict the behaviour for both the signal and background, different
Monte Carlo samples have been used in this study. The samples have been
simulated at 8 TeV center of mass energy to obtain consistent comparison
with data collected in 2012. In table 5.4 the Monte Carlo samples used are
summarized for the signal and the different background processes specifying
the Generator used and the name of each dataset. The leading order (LO)
cross sections, used as internal cross section during the generation step of the
simulation, are shown for each sample. All samples have been rescaled to the
next-to leading order (NLO) or next-to-next to leading order (NNLO) calcula-
tions when available, as shown in table 5.5. The cross section of the Drell-Yan
process includes the Z boson branching fraction. After the generation step,
events are passed through the full CMS detector simulation obtained with
GEANT 4 [133]. This toolkit allows to implement the geometry of all the

’ Primary Dataset \ [ Ldt (fb~1) ‘
/DoubleElectron/Run2012A-22Jan2013-v1 0.889
/DoubleElectron/Run2012B-22Jan2013-v1 4.429
/DoubleElectron/Run2012C-22Jan2013-v1 7.152
/DoubleElectron/Run2012D-22Jan2013-v1 7.318

Table 5.2: The integrated luminosity available for each PD used in the analysis
for the electron final state.
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’ Primary Dataset | [Ldt (1) |
/DoubleMuParked /Run2012A-22Jan2013-v1 0.889
/DoubleMuParked /Run2012B-22Jan2013-v1 4.429
/DoubleMuParked /Run2012C-22Jan2013-v1 7.152
/DoubleMuParked /Run2012D-22Jan2013-v1 7.318

Table 5.3: The integrated luminosity available for each PD used in the analysis
for the muon final state.

subdetectors that form CMS and also to simulate the interaction of particles
with the detector.

Signal

Three different samples have been chosen to describe our signal allowing the
comparison between data and theoretical predictions. They have been simu-
lated using MadGraph [81] and Powheg [82] generators:

e Drell-Yan Z + jets events: the hard scattering process, with the emis-
sion of up to four additional partons, is calculated at Leading Order
by MadGraph 5 interfaced with PYTHIA 6 (tune Z2*) [75], for the
hadronization. For the calculation of the matrix element the 5-flavor
scheme is adopted so in the massless b quark approximationAs seen in
section 2.1.2, in this approach an initial state parton density function
for a massless b quark is introduced including the gluon splitting g — bb
in it.

e Drell-Yan Z + bb events: in this case the matrix element is calculated
by MadGraph 5 but a different description of the b quark production
is considered, the 4-flavor scheme. In this approach only four massless
quark densities are considered in the initial state and non zero mass b
quarks appear only in final states through gluon splitting. Also in this
case the hadronization is left to PYTHIA 6 with tune Z2*.

e Drell-Yan Z + jets events: for the hard scattering process calculation
POWHEG [82] generator is employed. Only one jet is generated from the
matrix element for the Drell-Yan at the next-to-leading-order while the
other jets of any flavour are obtained with the Parton Shower provided
by PYTHIA 6, tune Z2*.

Background

Many Standard Model processes show a similar topology like the processes
with a Z boson and b jets in the final state. A complete knowledge of all
the background contributions is needed also to perform a comparison between
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5.1.

DATA AND MONTE CARLO SAMPLES

Process

Dataset

Generator

DY Z + jets

DY JetsToLL- M — 50 TuneZ2Star 8TeV —
madgraph  —  tarball/Summerl2_DR53X —
PU_S10.START53 V7TA — vl

MadGraph 5FS

Z + bb

/Zbb_AF 8TeV _madgraph/Summerl12_DR53X —
PU_S10_.START53.V19 — vl

MadGraph 4FS

W + jets

/W JetsToLNu_-TuneZ2Star 8T eV —
madgraph  —  tarball/Summerl2_DR53X —
PU_S10_.START53 VTA — v2

MadGraph

/TTJets_MassiveBinDECAY _TuneZ2star
8T eV —madgraph—tauola/Summerl12_DR53X —
PU_S10.START53 VTA — vl

MadGraph

Y4

/Z Z_TuneZ2star_8TeV _pythiab_tauola/
Summerl12_DR53X — PU_S10_.START53_.V7A —
vl

PYTHIA

w2z

/W Z _TuneZ2star 8T eV _pythiab_tauola/
Summerl2_DR53X — PU_S10_.START53.V7A —
vl

PYTHIA

wWw

JWW TuneZ2star 8T eV _pythiab_tauola/ *
Summerl2_DR53X — PU_S10_START53_.VTA
vl

PYTHIA

single top ¢ (s-channel)

/Tbar.s —  channel TuneZ2star 8TeV — —
powheg — tauola/Summerl2_DR53X —
PU_S10_.START53 . VTA — vl

POWHEG

single top t* (t-channel)

/Tbart —  channel TuneZ2star 8TeV — —
powheg  —  tauola/Summerl2_.DR53X  —
PU_S10.START53 VTA — vl

POWHEG

single top tW

/Tbar tW — channel — DR_TuneZ2star 8TeV —
powheg —  tauwola/Summerl2_DR53X —
PU_S10.START53 V7A — vl

POWHEG

single top ¢~ (s-channel)

/Tt - channel TuneZ2star 8T eV -
powheg — tauola/Summerl2_DR53X —
PU_S10.START53 V7TA — vl

POWHEG

single top ¢t~ (t-channel)

/T_s — channel TuneZ2star 8T eV -
powheg — tauola/Summerl12_DR53X —
PU_S10_.START53.VTA — vl

POWHEG

single top tW

JTAW — channel — DR -TuneZ2star 8TeV —
powheg — tauola/Summerl2_DR53X —
PU_S10_.START53 . VTA — vl

POWHEG

Table 5.4: Signal and background simulated samples. For

generator used and the name of the dataset are specified.

each sample the
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Process ‘ oro (pb) ‘ Onorm (Db) ‘
Drell-Yan Z + jets 2050 | 3503,71 (NNLO)
Z + bb 76.75 76.75 (LO)

W + jets 30400 36703.2 (NNLO)

t 136.3 | 225.197 (NLO)
77 5.196 8.059 (NLO)
Wz 12.63 33.21 (NLO)

WW 3401 | 54.838 (NLO)
single top t* (s-channel) 1.57 1.76 (NNLO)
single top t* (t-channel) 25 30.7 (NNLO)
single top tW 10.7 11.1 (NNLO)
single top ¢~ (s-channel) 2.82 3.79 (NNLO)
single top ¢~ (t-channel) 47 56.4 (NNLO)
single top tW 10.7 11.1 (NNLO)

Table 5.5: The Leading Order cross section o0 and the cross section used for
the normalization o,,4;,, are shown for each Monte Carlo sample.

data and Monte Carlo. All the backgrounds are evaluated from Monte Carlo
simulation except for ¢t case in which a data driven approach is adopted. Some
background samples (W + jets and tt) are generated with the combination of
MadGraph 5 and PYTHIA 6, the diboson contributions (WW, ZZ, W Z) are
described with PYTHIA 6 while the single top samples are provided by the
POWHEG generator interfaced with PYTHIAG.

5.1.2 Pile-up reweighting

The LHC detectors have to operate in a very harsh environment due to a high
frequency of bunch crossing and high event rate. The total event rate is so
high that several soft interactions overlap to the high transverse momentum
interaction (pileup). In a single bunch crossing a large number of interactions
may occur. The mean number of interactions per bunch crossing during 2012
is around 21, as shown in fig. 5.2. Two different types of pileup have to be
considered:

e “in-time pileup”: overlap of events due to the interaction between par-
tons of the same bunch crossing

e “out-of-time pileup”: caused by the events of different bunch crossing

In order to have a realistic description of a process, pileup events have
to be generated and superimposed to the signal in the Monte Carlo. The
number of in- and out-of-time pileup interactions is generated in the Monte
Carlo samples with a Poisson distribution. This number is meant to roughly
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CMS Average Pileup, pp, 2012, s = 8 TeV
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Figure 5.2: Mean number of interactions per bunch crossing (average pile-up)
in 2012 data taking.

cover, though not exactly match, the conditions expected for each data-taking
period. In order to reproduce the expected number of the pileup interactions
correctly, the Monte Carlo events have thus to be reweighted. The Monte Carlo
reweighting procedure is done by assigning weights to a Monte Carlo event to
reweight the number of pileup interactions. Two inputs are thus necessary
for reweighting Monte Carlo events to match the data sample used in the
analysis. The first is the histogram of the pileup distribution corresponding
exactly to the luminosity distribution in the data sample and the second is
the distribution of the number of pileup events in the Monte Carlo samples.
The bin-per-bin ratio wpy, between the data distribution (N474) and the
input distribution from Monte Carlo (N}M©):

NZ-DATA

wpy; = W (5.1)
is then used to extract a weight factor for each of the input events. In order
to validate the reweighting procedure applied, the number of reconstructed
vertices distribution can be used as a check. Figure 5.3 shows the distribu-
tions of the reconstructed vertices in the Z+jets sample in which a Z boson
is selected through its decay modes into electrons, Z — ete™, (similar results
are obtained also in the Z — p*pu~ selection) with the requirement of at least
one jet. The distribution shows the comparison between data and different
contributions of background before (fig. 5.3(a)) and after (fig. 5.3(b)) the
Monte Carlo pileup reweighting. The discrepancy between the data ad sim-
ulation evident in the left plot is significantly reduced after the reweighting
procedure is applied.
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Figure 5.3: Number of reconstructed vertices in the Z +jets sample.

5.2 Triggers

As already seen the CMS trigger and data acquisition are based on two levels
of online event selection. Dedicated triggers menu with specific requirements
have been used to select the datasets considered in the analysis. The HLT
trigger path used to select the “DoubleElectron” dataset is:

o HLT Elel7_CaloldT _CalolsoVL TrkIdV L TrklIsoV L
_Ele8_CaloldT'_CalolsoV L TrkIdV L_TrklIsoV L

Two electrons are required, one with a transverse momentum greater than 17
GeV and at least another electron with a minimum transverse momentum of
8 TeV. The selections consist also in tight requirements on Calold variables
for both electrons, i.e. Calold1 which implies cuts on shower shape variables
such as:

— H/E: defined as the ratio between the Hadronic calorimetric tower en-
ergy behind seed crystal of the seed basic cluster (H) and the energy of
the electromagnetic supercluster (E)

— oy useful to study the lateral development of the shower; it is defined

as:
o2 — Z?ws w;(n; — etasgs)?

nn Zfz5 w;

, (5.2)

where the index ¢ runs over the crystals that form the 5x5 matrix around
the crystal seed, n; is the pseudorapidity of the i*" crystal and 75,5 is
defined as S

Zix W;T);

e (5.3)
> wi

M55 =
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and with w;, weight for the i'" crystal:

E.
w; = max(0,4.7 +In =), (5.4)

Eses
where E; and Es.5 represent the energy of the i** and the 525 block of
crystals respectively.

Very Loose (V L) isolation cuts are applied on the variables, IsoEC AL, IsoHC AL
(CalolsoV L) and IsoT RK (TrkIsoV L), and finally a Very Loose (V L) thresh-
old is applied (T'rkIdV L) on the following variables:

— An: distance in the n direction between the track and the SuperCluster
— A¢: distance in the ¢ direction between the track and the SuperCluster

In table 5.6 a summary of the trigger identification and isolation cuts is shown
both for the barrel and the endcap case. The electrons are then matched by
AR to the trigger objects (AR < 0.3), only one match per trigger object is
allowed and the best match found per reco object is taken.

’ variable ‘ criterion ‘

CaloldL HJE < 0.15 (0.10)
o < 0.014 (0.035)
CalolsoVL | IsoECAL/Er < 0.2 (0.2)
IsoHCAL/Er < 0.2(0.2)
TrklsoVL | IsoTRK/Ep < 0.2 (0.2)
TrkIdVL | An|< 0.01 (0.01)
Aé < 0.15 (0.10)

Table 5.6: Triggers Identification and isolation cuts for the barrel (endcap).

A dedicated trigger is used to select muons:

o HLT Mul7_Mu8

in which a muon with a transverse momentum greater than 17 GeV and one
with a transverse momentum greater than 8 TeV are required. A similar
matching to the trigger objects as in the electron case is performed also for
muons.

The electron and muon of the “MuEG” dataset, used to estimate the top-
antitop background, are required to pass the HLT trigger menu defined by at
least one of the following conditions:

o HLT Mul7_Ele_CaloldT _CalolsoV L TrkIdV L TrklIsoV L
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o HLT Mu8_FElel7_CaloldT _CalolsoV L TrkIdVL_TrklIsoV L

whose requirements are: a muon with pr > 17 GeV and an electron with
pr > 8 GeV and with a tight cut on Calold, Very Loose isolation cuts and
a Very Loose threshold on TrkIdV L or a muon with pr > 8 GeV and an
electron with py > 17 GeV.

5.3 Event Selection

The first event selection is performed at the online level; it consists of the trig-
ger requirements described in the previous section. After the reconstruction of
the physics objects using the Particle Flow algorithm, the data are analysed of-
fline to select the interesting objects and to distinguish the processes in which
the Z boson is produced in association with b jets. The Z boson candidates
are reconstructed looking for two well identified, isolated and high energy op-
posite charge leptons (electrons or muons). The dielectron or dimuon pairs
passing the identification requirements are used to reconstruct the Z — ete™
or Z — ptpu~ candidates. The events are selected if the reconstructed Z
boson has an invariant mass within the range [71,111] GeV.

This section is dedicated to the description of the analysis selection criteria
for electrons, muons and jets.

5.3.1 Electrons

Once the analysis objects are reconstructed using the Particle Flow algorithm
as already discussed, a series of preselection cuts are applied before the final
selection requirements. The preselection cuts have been optimized to obtain
a first rejection of those events that reasonably will not pass the following
selection cuts. These requirements are looser than the selection cuts, in order
to avoid a loss in efficiency and also to avoid the introduction of bias in the the
analysis procedure. Therefore the electrons that matched the trigger objects
have to satisfy requirements on three different sets of variables:

e electron identification variables: ngc, An, A, oipin, H/E

e Particle Flow isolation variable I (5.5), computed from the flux of Par-
ticle Flow candidates found within a cone of R = 0.3 built around the
electron direction applying also the “delta beta” (AfS) correction:

1
I= f[fch + maz (L, + I, —0.51npy, 0)] (5.5)

P

Where 1., is the sum of the transverse energy of all the charge parti-
cles within the cone, excluding the electron, coming from primary ver-
tex, Inp and I, are the sums of the transverse energy of all the neu-
tral hadron within the cone and the photons respectively. I.,py is an
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estimate charged particle deposits not from primary vertex. The AS
correction is applied in order to take into account the pileup contami-
nation. Charged particles from vertices other than the primary vertex
can enter in the isolation cone and so contribute to the isolation value.
With Particle Flow, these pileup particles can be sorted out and just not
counted. But there are also neutral particles from pileup. Since there
are no tracks associated to these neutral particles, it is not possible to
assign them to vertices. So as an estimate, we subtract half of the sum of
the transverse momentum of the charged particles in the cone of interest
but with particles not originating from the primary vertex.

e conversion rejection variables to reject electrons coming from conver-
sions: dy, d, and missps

The selection efficiency obtained with the cuts chosen is called working point
(WP). Table 5.7 shows the full set of electron identification and isolation cri-
teria applied in the preselection corresponding to a WP80 that means we have
an efficiency of 80% in the electron identification.

variable cut
Barrel ‘ Endcap
’ identification variables ‘
nsc <1442 | > 1.566 & < 2.5
An < 0.004 < 0.007
A¢ < 0.06 < 0.03
Tinin < 0.01 < 0.03
H/E < 0.12 < 0.10
’ PF isolation variable ‘
| I [ <015 <0.15 |
’ conversion rejection variables ‘
do < 0.02 cm < 0.02 cm
d, < 0.1 cm <0.1cm
MiSShits <1 <1

Table 5.7: Electron selection criteria and cut thresholds for the barrel and the
endcap cases.

The electron momentum regression corrections described in section 4.2 are
applied. These corrections, optimized using a multivariate regression tech-
nique based on a Boosted Decision Tree (BDT), are needed to improve the
determination of the electron energy.

The last steps of the selection are the requirements:

e to have a transverse momentum pr greater than 20 GeV
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e to be inside the tracker coverage: n < 2.4

In order to correct the simulation for the efficiencies the so called scale fac-
tors, resulting from the ratio between efficiencies in data and in Monte Carlo,
are applied. The two highest energy opposite charge electrons selected are
considered to calculate the invariant mass identifying Z boson candidates.

5.3.2 Muons

Two Particle Flow muons are selected with opposite charge in the Z mass
range. Also in this case, some identification criteria are imposed on the re-
constructed muons in order to reduce the muon fake rate. A tight selection is
applied on muons that have to be isolated to reduce the contamination from b
or ¢ semileptonic decays. A muon is considered isolated if, in a cone of size R
= 0.4 centred on the muon direction, the sum of the transverse momentum of
the tracks and of the transverse energy of the calorimeter hits is less than 20%
of the muon pp. The “delta beta” correction is applied to correct for pileup
contamination (eq. 5.5). The two leptons are also required to be reconstructed
as “global muons”, meaning that a valid fit exists between the track from the
central tracking system and the track from the muon system and, in order to
ensure a good quality of the global fit used for the muon parameters estimate,
a cut on the x? normalised to the number of degrees of freedom is applied.
Table 5.8 summarizes all the identification criteria applied and cuts used to
reject cosmic muons. The tight ID working point cuts are imposed on a set of
variables already described in the Sec. 4.3.1. The muon momentum have to
be corrected in order to take into account the effects due to the reconstruction
capability and limited knowledge of the physical configuration of the detec-
tor. The momentum scale corrections applied are provided by the MuScleFit
(Muon Scale Fit) package [119]. As in the case of the electrons, considering
the highest energy opposite charge muons with:

e transverse momentum greater than 20 GeV
e pseudorapidity variable comprised in the range [—2.4, 2.4]

the invariant mass is calculated to identify the Z boson candidate. Scale
factors, defined as the ratio between the efficiencies measured in data and in
Monte Carlo, are used to rescale the simulation in order to match data.

5.3.3 Jets

In the selection of jets produced in association with the Z boson that has
passed the selection described above, many aspects have to be taken into ac-
count. One problem in the jet reconstruction is that there can be ambiguities:
a reconstructed muon or an high energy electron could be a jet constituent.
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’ variable cut ‘

’ identification variables ‘

X/ f <10
N layer with measurement > 5
Number of pixel hits >0
Number of muon hits >0
do < 0.02
segments matched >1

’ PF isolation variable ‘
y I <0.2 |

Table 5.8: Tight muon selection criteria and cut thresholds.

In order to resolve these ambiguities, the particles are reconstructed follow-
ing a fixed order. First the charged hadronic pileup particles, that are not
associated to the considered primary vertex, are subtracted. Only about 20%
pileup charged hadrons remain untouched. This compromise is necessary to
avoid over-subtracting high pr tracks from jets. The muons are reconstructed
before the electrons reconstruction and the jet clusterization as they are the
only particles which can be detected in the muon system. All the information
assigned to the isolated muons, as the hits in the tracking system, is then
projected out of the event and no longer available for the reconstruction of the
other objects. Only isolated electrons are considered in the analysis and thus
their entries from the tracking system and from the electromagnetic calorime-
ter are removed. Only after the removal of isolated muons and electrons, jets
can be reconstructed using the anti-kt algorithm with a clusterization parame-
ter of R = 0.5 already described in Sec. 4.4.1 . A set of corrections are applied
on the jet energy in order to take into account different effects achieving;:

e the removal of the energy coming from pileup events (L1 correction)
e a uniformity in the pseudorapidity of the jet response (L2 correction)
e a flat response as a function of the transverse momentum (L3 correction)

e a fix for the residual differences between data and and Monte Carlo
simulation. Differently from the other corrections, this one is applied
only in data. (LV2LV3Res)

The jet energy resolution (JER) in data is worse than in the simulation. The
reconstructed momentum of jet in simulated events is therefore smeared ap-
plying a correction factor depending on the pseudorapidity value of the Monte
Carlo jet. Several cuts (summarized in tab. 5.9) are applied on the energy com-
position of PF-jets with at least two clusterized particles. Jets are required to
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have charge hadron fraction CHF > 0 if within the tracking fiducial region
of n < 2.5, neutral hadron fraction NHF < 0.99, charged electromagnetic
fraction (electrons) CEF < 0.99 and neutral electromagnetic (photon) frac-
tion NEF < 0.99. These requirements remove fake jets arising from spurious
energy depositions in a single sub-detector.

’ variable cut ‘

Charged Multiplicity >0
Number of constituents >1

CHF >0

CEF < 0.99
NEF < 0.99
NHF < 0.99

Table 5.9: Cuts applied on the energy composition of PF-jets.

The final selection on the jets requires:

e a minimum threshold on the jet transverse momentum pr of 30 GeV
to reduce the contamination from the underlying event and increase jet
energy resolution

e 7) variable within the range [-2.4,2.4], inside the tracker acceptance to
ensure a good quality of the tracking information

e a minimum distance of 0.5 in AR between the jet and the two leptons
identified as decay products of the Z boson. This cut is applied in
order to avoid the clusterization of residual final state radiation from
the leptons.

5.3.4 b-tagging

After the selection of the jets collection, for each of them a b tagging pro-
cedure is applied in order to identify those jets that are originated from the
hadronization of the b quarks. The b tagging algorithm chosen is based on in-
clusive secondary vertex reconstruction. Several topological and kinematical
secondary vertex related variables as well as information from track impact
parameters are combined into a single tagging variable to discriminate between
jets originating from b quarks and the ones from other sources. This algorithm
is the Combined Secondary Vertex (CSV) [134](already described in sec. 4.5),
used in this analysis with a a tight working point: CSV > 0.895. In fig. 5.4
the Combined Secondary Vertex discriminant distribution, after the Z and jet
selection, is shown for the inclusive sample.

Two different exclusive samples are selected, one with a Z boson reconstructed
and exactly one b tagged jet (Z+41b) and the other one with a Z boson asso-
ciated with at least two b tagged jets (Z+42b). The Monte Carlo events with
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at least one b tagged jet are reweighted with scale factors in order to take into
account the difference between the b tagging efficiencies measured in data and
those predicted by the simulation. The scale factors applied are defined as
the ratio between the b tagging efficiency estimated in data and in simulation:
SF = % (see section 4.5.3). In the CSV discriminant shown in fig. 5.4 the
scale factors are not applied indeed the plot shows a deviation between data
and simulation evident in the ratio plot.
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(a) Combined Secondary Vertex Discrimi- (b) Combined Secondary Vertex Discrimi-
nant in the Z+jets inclusive sample in the nant in the Z+jets inclusive sample in the
dielectron final state. dimuon final state.

Figure 5.4: Combined Secondary Vertex Discriminant in the inclusive sample
with a Z boson, selected in the electron or in the muon decay mode, and at
least one jet of any flavour.

5.3.5 Missing transverse energy

For each event an additional cut on the missing transverse energy significance
(METs%9" < 30 GeV) is applied to reduce the tt background. This variable
already defined in section 4.6 is an estimate of the compatibility of the recon-
structed missing transverse energy with zero. The Type-0, Type-1 and Type-2
corrections are applied in order to reduce the degradation of the M ET recon-
struction due to the pileup interactions, to propagate the jet energy corrections
(JEC) to MET and to correct the remaining energy deposits not clustered in
any jet. Finally the zy-Shift correction reduces the M ET ¢ modulation. This
correction is also a mitigation for the pile-up effects. Fig. 5.5 shows the M ET
significance distribution obtained after all the corrections have been applied
in the sample with a Z boson and at least one b tagged jet.

111



5. Z+Db jet selection 5.4. BACKGROUNDS

19.7 fo™! (8 TeV) 19.7 b (8 TeV)

CMS Preliminary

MS Preliminary

£5

g
4
‘E
@

b

A o
TG

@

21, o
FINFINNNS
T AT
ToTS
538
5
@
58
G5

e

UNONNET-

N

Q
E

R
+T++ ! W

80 90 100
MET significance [GeV]

Data/MC
5
|
Al
— |

:

?....“AA# ) ) LIV +++l++% +

ettt sttty h ﬁ , TR o U TS
+ o8- ¢

ook ?7¢Y+ + “

(=

a3r

t

0 20 30 0 50 60 0 0 20 30 0 50 60 70

80 90 1
MET significance [GeV]

(a) Missing transverse energy significance (b) Missing transverse energy significance
distribution in the electron final state for the  distribution in the muon final state for the
sample with a Z+b sample. sample with a Z+b sample.

Figure 5.5: Missing transverse energy significance distribution for the Z with
at least one b tagged jet sample.

5.4 Backgrounds

Several physics final state have signatures that mimic the Z+1b jet and Z+2b
jets processes having the same final state. The background contributions come
from the production of a pair of vector bosons Z or W in association with
jets and from the top-antitop (¢t) production. The latter is the dominant
background especially for the Z+42b process. The diboson events that could
provide a similar Z+b final state are:

o Z7Z+jets— 4l +jets

o ZZ+jets— 20F + qq

o WHW—+jets— 21* + 2u+jets
o W*tZ+jets — 31T + v+jets

o WtZtjets— It +v+qq

Another source of contamination for the Z + b final state comes up from the
single top production in the s-channel, in the t-channel and when the top
quark is produced in association with a W boson. In the first two cases the
single top is produced with a b quark (see fig. 5.6) so in the final state we
can have an isolated lepton and at least two b jets as the top quark decays
into a W boson and a b quark. However the dominant contribution comes
from the associated production of a W boson with a top quark. Also the
Drell-Yan Z — 71771 production in association with two or more jets and the
W+jets with a misidentified lepton can contribute to the backgrounds. All
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(a) Leading order Feynman dia-
grams for single ¢ production in the
s-channel.

(b) Leading order Feynman dia-
grams for single ¢ production in the
t-channel.

Figure 5.6: Feynman diagrams for single ¢ production in the s-channel and in
the t-channel.

these processes are modelled using dedicated Monte Carlo samples. In order
to provide a better estimate of the ¢t background a data driven approach
is used and the strategy will be described in a dedicated subsection. After
the selection applied, the different background contributions are shown in the
exclusive b jet multiplicity distribution in the Z+1b and Z+2b samples in
fig. 5.7.
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(a) b jet multiplicity in the sample with ex-
actly one b jet produced in association of a
Z boson in the dielectron decay mode.

(b) b jet multiplicity in the sample with at
least two b jets produced in association of a
Z boson in the dielectron decay mode.

Figure 5.7: Exclusive b jet multiplicity for the Z+1b and Z+2b samples. These
distributions provide an easy way to illustrate the different background con-
tributions in the two samples.

5.4.1 Top-antitop pair background

The tt background is the main contribution for the Z+b analysis in particular
when studying the final state with a Z boson produced in association with
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at least two b jets. The top quark decays, in fact, into a W boson and a b
quark with a branching fraction of about 100% due to the fact that Vi ~ 1
in the CKM matrix. When a ¢t pair is produced, two opposite charge leptons
and two b tagged jets in the final state may mimic our signature (see fig. 5.8).
In order to perform a precise estimate of the tf background a data-driven

Figure 5.8: Feynman diagram of the ¢t pair production. In the final state two
opposite sign leptons and two b jets can be observed.

approach has been chosen. A dataset, MuEG (from now on referred as ‘ey’),
with a preselection in which a muon and an electron are selected with specific
cuts, as previously seen, is used. The same selection adopted for the Z+1b
or Z+2b processes is applied on the ey sample requiring that the invariant
mass reconstructed with the selected muon and electron lies in the mass range
[71,111] GeV. In order to evaluate the shape of the ¢t contribution, all the
measured observables studied in the Z+b are built using the selected events
in the ey sample. The normalization of the ey sample is obtained by fitting
the invariant mass sidebands (Mee,,, <85 GeV and M, >100 GeV) of the
Z+b distribution (built without the cut on the MET significance in order to
enrich the Z+b sample with t¢ events) with the sidebands of the invariant
mass reconstructed in the ey sample. Fig. 5.9 and 5.10 show the fit of the
invariant mass sidebands in the electron and muon final state. The coefficient
¢t extracted by the fit is then used to normalized the shape form the ey sample
before the background subtraction.

5.5 Flavor composition of the b tagged sample

In the previous section, the methods used to extract the different background
contributions (from diboson, t¢ and single top events) have been discussed.
However a not negligible contribution comes from Z+jets events where charm
and light/gluon jets are misidentified as b jets. To quantify this contribution
and evaluate the real fraction of b jets (b purity) in the selected events, the
best procedure is to choose a distribution in which the shapes of the quark
components are different and so it is easier to discriminate among them. The
identification of jets originated from lighter quarks is based on the information
provided by the Monte Carlo. Templates can be built from Monte Carlo,
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Figure 5.9: The sidebands (85 GeV < M, and M, > 100 GeV) of the
invariant mass distribution (in the case Z+1b) fitted with the sidebands of the
ey invariant mass distribution. Black dots represent data, red line represents
the eu sideband shapes and blue line is the ¢t Monte Carlo that is shown in this
plot only as reference as it is not used to estimate the top-antitop background.
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Figure 5.10: The sidebands (85 GeV < M, and Mec > 100 GeV) of the
invariant mass distribution (in the case Z+2b) fitted with the sidebands of the
ey invariant mass distribution. Black dots represent data, red line represents
the ey sideband shapes and blue line is the ¢t Monte Carlo that is shown in this
plot only as reference as it is not used to estimate the top-antitop background.

matching the flavor of the reconstructed jet to the parton flavor.

In order

to know what the expected contents of truly b flavored jets and mistagged
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jets are, a fit of the shape of the different contributions to data is performed.
Through this fit the scale factors ¢4, ¢c and ¢, are extracted and then used
to rescale the Monte Carlo components. Different distributions with a high
discrimination power can be chosen for this purpose:

e The Secondary Vertex Mass (SVTX Mass) is defined as the invariant
mass of all the tracks at the secondary vertex (assuming the neutral
pion mass for all secondary tracks). The discrimination power of this
variable is due to the difference of the secondary vertex mass values
when a jet is originated from the hadronization of a b, ¢ or light quark.
Fig. 5.11 shows the distribution of the SVTX mass requiring events with
a Z boson with at least one b tagged jet. The first bin in the distribution
contains the events of the Pseudo Vertex and No Vertex categories ex-
plained in Sec. 4.5.2. The Drell-Yan Monte Carlo is decomposed into the
three different contributions from b, ¢ and light (u,d,s) quarks. One can
observe the edge related to the D meson around 2 GeV and the slope
of the region pure in B meson decays, between 2 and 5 GeV, correctly

reproduced.
19.7 b (8 TeV) P . 19.7 o (8 TeV)
£ CCMS Profimtict o© < g § 1o OMS Prelimirory ¢ = Poltegiers
¢ ) Zs+cHjets 1600 — L Zecrjets
C 1 Zs+brjets E :IA:l fé".,‘e.':
2000 — o [ 1400 — ° -
C —F E 7z
Eo —1 eoly o = s
1500 {— R E —_— ww
m J =3 Oth 1000 [ o === Others
1000 o = 5
= 600
ool w0l el
H El o ®le,
[ 200
H e .
o o
% 14; % 14
b4 *ig—h{i‘#‘”'.”. 1] l ‘ ) 8 2w ++*.¢‘¢ o4 *l“ l\
0sF- IACMEIIY *W T+ ] M J osE- MAMENITII A w
= 1 2 3 4 5 ook 1 2 3 4+
Mass [GeV] Mass [GeV]
(a) SVIX mass distribution after the Z+b (b) SVTX mass distribution after the Z+b
selection with a Z decaying into electrons. selection with a Z decaying into muons.

Figure 5.11: Secondary vertex mass distributions for the leading b tagged jet
in the events with a Z boson with at least one b jet.

e The Jet Probability (JP) is a discriminator that exploits the long B
hadron lifetime combining the information coming from all the secondary
vertex tracks. For each track, the probability that a given track comes
from the primary vertex is computed and these probabilities are com-
bined together to provide the jet probability defined as:

jet - H Z lnH (56>
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where
N
H = H Ptr(i) (5'7)

with N the number of tracks, and P, the estimated probability for
track ¢ to come from the primary vertex. This tagger uses as calibration
the negative impact parameter significance distributions, which are ex-
tracted from data, to calculate the probability of a track to come from
the primary vertex. Fig. 5.12 shows the distribution of the JP requiring
events with a Z boson in association with at least one b tagged jet.
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(a) Jet Probability distribution after the (b) Jet Probability distribution after the
Z+b selection with a Z decaying into elec- Z+b selection with a Z decaying into muons.
trons.

Figure 5.12: Jet Probability distributions in the events with a Z boson with
at least one b jet.

e The B Jet Probability (BJP) is another discriminator defined as JP with
the difference that it uses only the four most displaced tracks. It esti-
mates how likely it is that the four most displaced tracks are compatible
with the primary vertex. This choice is supported by the average charged
track multiplicity in weak b hadron decay that is approximately equal
to 5. In fig. 5.13 the distributions of this discriminator are presented for
the sample selected with a Z boson and at least one b jet.

For both the Z+1b jet and Z+2b jets the fraction of real b jets is estimated
performing a fit to the Secondary Vertex Mass. The estimate of the b purity
has to be done simultaneously in the Z+41b jet and Z42b jets samples in
order to take into account possible inefficiencies in the tagging of jets and so
migrations of events from one sample to the other.
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Figure 5.13: B Jet Probability distributions in the events with a Z boson with
at least one b jet.

5.5.1 Z+1b jets purity

Fig. 5.14 shows the Secondary Vertex Mass distribution in the Z+1b jet sample
that has been obtained requiring the presence of a Z boson and only one b
tagged jet (C'SV > 0.895) in the final state. Because of inefficiencies of the b
tagging algorithm, the Z+1b sample selected may contain events with c or light
jets wrongly identified as b jets and also events with two or more b jets in which
only one is tagged as b jet. The Monte Carlo information has been exploited
to estimate the proper fraction of these events. Templates derived from the
Drell-Yan Z + jets (based on the MadGraph 5 interfaced with Pythia 6 in
the 5-flavour scheme approximation) are used to describe the different flavor
contributions:

o Z+cjet
o /4 light jet
o Z+2>2b

The templates are built matching the flavor of the reconstructed jet to the
parton flavor. In fig. 5.14, the different background contributions are shown,
including the Z+c (region with orange stripes) and Z+light quark jets (yel-
low region) components. Moreover, also the contribution of Z+> 2b events
(region with green stripes) with two b jets in which only one has been tagged
(CSV > 0.895) while the other has been mistagged are shown. The tem-
plate reproduce the shape of all the components but we need the scale factors
to normalize them. In order to extract the scale factors c,, c¢, cudsg for the
Z+1b, Z+c and Z+light respectively, an unconstrained fit of the templates
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Figure 5.14: Secondary Vertex Mass distributions in the events with a Z boson
with exactly 1 b tagged jet.

to the measured distribution is performed, after the subtraction of all the
backgrounds: diboson, tt, single top and the Z+> 2b jets. The fit performed
applies the minimum chi-square method. The Z+> 2b is subtracted after
being properly rescaled (more details are provided in sec. 5.5.3). After the
backgrounds have been subtracted (fig. 5.15), the templates with the differ-
ent flavor components are fitted to data (fig. 5.16) in order to obtain the real
fraction of the b jet in the selected samples and also the ¢, ¢, and cyqsq (s€€
tab. 5.10) factors that are used to rescale the Monte Carlo templates.

"
197 o e e

s
2 CMS  _e%seses . s 20021
g CMs . . o
10° . . 08078
e

T
a
=
@

------
o

Mottt b Tt g

7 | = : | 1 =
o W] 3 I,

s T 3 3 ¥ 3
Mass [GeV] Mass [GeV]

Data/MC
Data/MC

(a) Secondary Vertex Mass distribution af-  (b) Secondary Vertex Mass distribution af-
ter the Z+10 jet selection with a Z decaying  ter the Z+1b jet selection with a Z decaying
into an electron pair after the background into a muon pair after the background sub-
subtraction. traction.

Figure 5.15: Secondary Vertex Mass distributions in the events with a Z boson
with exactly 1 b tagged jet after the background subtraction.
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Figure 5.16: Secondary Vertex Mass distributions in the events with a Z boson
with exactly 1 b tagged jet after the background subtraction. The fraction of
events containing b quarks is shown with yellow stripes while ¢ fraction is
represented by orange stripes. Results of the fit to the different templates are
shown in the plot as fp, f. and fj,qs for the different flavour percentage inside
the sample and with the scaling factors ¢, ¢ and cgyds-

’ Distribution ‘ Cquds \ Cp \ Ce ‘
Secondary Vertex Mass (ee) | 2.28 £ 0.44 | 1.03 £ 0.05 | 1.19 £+ 0.28
Secondary Vertex Mass (pp) | 1.61 £ 0.32 | 1.07 £ 0.04 | 1.45 £ 0.21

Table 5.10: Coefficients cguqs, ¢ and ¢, extracted form the fit of the Secondary
Vertex Mass distributions in the electron and muon final state.

’ Distribution ‘ fouds ‘ fp ‘ fe ‘
Secondary Vertex Mass (ee) | 15.7+3 % | 66.3 +£3.8% | 18.0 +4.2 %
Secondary Vertex Mass (up) | 11.0 £2.2 % | 67.1 £2.6 % | 21.9 £ 3.1 %

Table 5.11: fractions of the Z+light, Z+b and Z+c samples extracted form
the fit of the Secondary Vertex Mass distributions in the electron and muon
final state.

5.5.2 Z+42b jets purity

In order to distinguish the different jet flavour components and to estimate
the coefficients to rescale the Monte Carlo, the SVITX Mass distribution is
used (fig. 5.17) also in the case of the Z+2b sample. The main background
contribution comes from t¢ (blue region) events with a small contamination
due to ¢ (region with orange stripes), light quarks or gluons (yellow region)
jets misidentified as b jets. Subtracting the predicted background as described,
an almost pure Z+2b jets sample is obtained as can be seen in fig. 5.18.
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Figure 5.17: Secondary Vertex Mass distributions in the events with a Z boson
with at least two b tagged jets.
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Figure 5.18: Secondary Vertex Mass distribution for the Z+2b final state after
the background subtraction.

5.5.3 Migrations between the two samples

The estimate of the event purity in the Z+1b and Z+2b samples need a par-
ticular attention and care due to possible migrations of events to one sample
to the other because of jet flavor misidentification. In the Z+2b sample, after
the background subtraction, no relevant migrations from the Z+1b sample
have been observed and an almost pure sample is obtained with the selection
applied. The sample with exactly one b tagged jet (C'SV > 0.895) in the final
state produced in association with a Z boson is, instead, affected by a con-
tamination of those events with two b jets in which only one has been tagged
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(CSV > 0.895) while the other has been mistagged. In order to identify these
events and subtract them, the Monte Carlo information is used by matching
the flavor of the reconstructed jet to the parton flavor. We have checked the
presence of further b jets in the whole jet collection in the Z+1b sample. These
events are then treated as a background and subtracted after being rescaled
for a factor evaluated by fitting the Secondary Vertex Mass in the Z+2b jets
case. The Secondary Vertex Mass distribution (fig. 5.18), in the Z+2b case,
after background subtraction, is fitted to data in order to extract the scale
factor cp.

5.6 Detector level distributions

In this section distributions of several observables are presented both for the
Z+1b sample and for the Z42b sample. For each of them the experimental
data with the statistical error and also the contributions of different back-
grounds are shown. The contributions coming from Z+jets events where
charm and light/gluon jets are misidentified as b jets are corrected for the
scale factors extracted from the Secondary Vertex Mass fitting procedure (ex-
plained in sec. 5.5). The Monte Carlo signal used for this comparison is the
Drell-Yan Z+jets where the hard scattering process, with the emission of up
to four additional partons, is calculated at Leading Order by MadGraph 5
interfaced with PYTHIA 6 for the hadronization. For the calculation of the
matrix element the 5-flavor scheme is used. To estimate the agreement be-
tween data and Monte Carlo simulation, a ratio plot between them is present
in the bottom part of each distribution. The distributions here presented are
called “detector level” distributions as no unfolding technique, to deconvolve
the detector effects, is applied. The unfolding procedure will be discussed in
the next section and the “particle level” distributions will be presented. To
characterize both the Z+41b and Z+2b final states, the following distributions
have been exploited:

. p]Te !. transverse momentum of the leading b tagged jet (fig. 5.21)
e 1/¢": pseudorapidity variable of the leading b tagged jet (fig. 5.22)

pZ: the transverse momentum of the Z boson (fig. 5.28)

Hrp: defined as the sum of the transverse momenta of the jets of any
flavor when only one b tagged jet is present in the event (Z+1b case) or
when at least two b jets have been tagged in the final state of the event
(Z+2b case) (fig. 6.34)

Ad¢zyp: the angular separation between the directions of the Z boson and
the leading b jet in the transverse plane (fig. 5.25)

122



5. Z+Db jet selection 5.6. DETECTOR LEVEL DISTRIBUTIONS

5.6.1 Z+42b angular distributions

For the Z+2b sample other observables are also considered: angular variables
useful to reach a better understanding of the production mechanism of Z+2b
and invariant mass distributions that are particularly interesting in the context
of searches. The angular correlations between the b tagged jets and between
the b jets and the Z boson are exploited to study the Z+42b final state and are
described by the following variables:

o ARy, the angular separation between the directions of the two b tagged
jets in (1), ) plane (fig. 5.31). It is defined as ARy, = /(Agp)2 + (Anw)2,
where Agp, and Angy, are the azimuthal and pseudorapidity separations.
This variable is interesting because it gives the possibility to test the
modelling of the different production mechanisms of Zbb final state.
This quantity allows the identification of the contributions qq¢ — Zbb
and qg — ZbbX where the the bb pair is produced via gluon splitting
(ARp, <1) and the production modes gg — Zbb and qq — Zbb with the
emission of a Z boson from one of the final state b quark (AR, >3).

q—b—

7 88eee

b
ﬁ_._my.< B q—w,<
g b g

Figure 5.19: Leading order Feynman diagrams for the Z bb final state involving
g — bb.

ol TN e

q b g b
g 7 Z

q b _
I3 b

Figure 5.20: Leading order Feynman diagrams for the Z bb final state produced
by the processes qq — Zbb with the emission of a Z boson from a b quark and
gg — Zbb.

o Aoy the angular separation between the directions of the two b jets in
the transverse plane (fig. 5.32). It is an important observable to study
the back-to-back configuration of the b quarks.

e ART™: the angular separation between the Z boson and the closest b
tagged jet in the (7, ¢) plane (fig. 5.33). It allows to identify events with
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the Z in the vicinity of one of the two b jets, so it is useful for testing
NLO corrections in which a Z is radiated from a quark.

e AR7(: the angular separation between the Z boson and the further b
tagged jet in the (1, ¢) plane (fig. 5.34)

o Az the asymmetry between the b jet direction and the Z direction us-
ing a combination of the two variables above defined ARY;"™ and AR
(fig. 5.35): ‘

(ARg — ARy

(ARgT+ ARy

Azpy = (5.8)
The Az, asymmetry can provide an indirect test of quantum chromo-
dynamics (QCD) validity at higher orders of the perturbative series. A
nonzero value of Az, is, in fact, related to the emission of additional
gluon radiation in the final state while values of Az, close to zero, in
fact, identify configurations in which the two b jets are emitted symmet-
rically with respect the Z direction.

5.6.2 New physics related distributions

Two invariant mass distributions, particular interesting in the context of the
search of new physics, are also considered for the Z+2b sample:

e Myy: the invariant distribution of the two most energetic b tagged jets
(fig. 5.36),

o Myp: the invariant mass distribution of the system composed by the Z
boson and the two most energetic b tagged jets(fig. 5.37).
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(b) The transverse momentum of the lead-
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Figure 5.21: The transverse momentum of the leading jet in the Z+1b jet
sample in the dielectron and dimuon final state.
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(a) The psudorapidity variable of the lead-
ing jet in the Z+1b jet sample in the dielec-
tron final state.
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(b) The pseudorapidity variable of the lead-
ing jet in the Z+1b jet sample in the dimuon
final state.

Figure 5.22: The pseudorapidity variable of the leading jet in the Z+41b jet
sample in the dielectron and dimuon final state.
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Figure 5.23: The transverse momentum of the Z boson in the Z+1b jet sample
in the dielectron and dimuon final state.
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Figure 5.24: The Hrp variable in the Z+41b jet sample in the dielectron and
dimuon final state.
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Figure 5.25: The A¢y;, variable in the Z+1b jet sample in the dielectron and
dimuon final state.
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Figure 5.26: The transverse momentum of the leading jet in the Z+2b jet
sample in the dielectron and dimuon final state.
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(b) The pseudorapidity variable of the lead-
ing jet in the Z+2b jet sample in the dimuon
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Figure 5.27: The psudorapidity variable of the leading jet in the Z+2b jet
sample in the dielectron and dimuon final state.
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Figure 5.28: The transverse momentum of the Z boson in the Z+2b jet sample
in the dielectron and dimuon final state.
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Figure 5.29: The Hrp variable in the Z+42b jet sample in the dielectron and

dimuon final state.
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Figure 5.30: The A¢yp variable in the Z+2b jet sample in the dielectron and

dimuon final state.
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in the Z42b jets sample with the Z boson
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(b) Angular separation between the direc-
tions of the two b tagged jets in (n, ¢) plane
in the Z+2b jets sample with the Z boson
selected in the muon decay mode.

Figure 5.31: Angular separation between the directions of the two b tagged
jets in (1, ¢) plane in the Z+2b jets sample.
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(b) The angular separation between the di-
rections of the two b jets in the transverse
plane in the Z+2b jets sample with the Z
boson selected in the muon decay mode.

Figure 5.32: The angular separation between the directions of the two b jets
in the transverse plane in the Z+2b jets sample.
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(b) Angular separation between the Z bo-
son and the closest b tagged jet in the (1, ¢)
plane in the Z+2b jets sample with the Z
boson selected in the muon decay mode.

Figure 5.33: Angular separation between the Z boson and the closest b tagged
jet in the (n, ) plane in the Z+42b jets sample.
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(b) Angular separation between the Z bo-
son and the further b tagged jet in the (n, ¢)
plane in the Z+2b jets sample with the Z
boson selected in the muon decay mode.

Figure 5.34: Angular separation between the Z boson and the further b tagged
jet in the (1, ¢) plane in the Z+42b jets sample.
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Figure 5.35: Distributions of the asymmetry between the b jet direction and

the Z direction in the Z+2b jets.
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Figure 5.36: Invariant mass distribution of the of the b tagged jets in the Z+b

jets sample.
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Figure 5.37: Invariant mass distribution of the of the system composed of the
b tagged jets and the Z boson in the Z+b jets sample.
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Chapter 6

Cross section measurement

In the previous Chapter the details about the data samples used in the analy-
sis and the requirements applied in order to select the events with a Z boson
produced in association with exactly one b jet or at least two b jets have been
presented. A description of the procedure adopted to estimate the different
background contributions and in particular the one coming from ¢t has been
given. A section has been dedicated to the explanation of the strategy used in
order to quantify the b purity that is the real fraction of b jets in the selected
events. Finally distributions of different observables have been presented. For
each of them the experimental data with the statistical error and also the
contributions of different backgrounds are shown. Their ratio is also given to
estimate the agreement between the data and Monte Carlo simulation. The
distributions shown are called “detector level” distributions as these results
are not deconvolved from the all the possible effects induced by the finite res-
olution.

In this Chapter the unfolding technique adopted will be explained. This pro-
cedure is needed to correct the distributions for experimental resolution effects
and to compare the experimental results to theoretical expectations. The dif-
ferent systematic sources that enter in this analysis will be discussed and the
method used to quantify their effects will be described. Finally the differential
cross sections as a function of the different observables deconvolved from the
detector effects and corrected for the efficiency will be shown. The results
are compared to theoretical predictions obtained using different approaches
(massive vs massless b-quarks, 4/5-flavor approaches).

6.1 Unfolding procedure

Under ideal conditions, with a perfect detector one could have a “true” mea-
surement of physics quantities. However the measured distribution of a phys-
ical observable is in general distorted respect to the true one. This is due to
several effects such as the finite resolution, a non linear response and limited
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acceptance of the detector. For this reason it is often very difficult to have a
direct comparison between the data obtained using different detectors to each
other and to various theoretical expectations. An important step of the exper-
imental method is therefore to infer the true distribution from the observed
one, correcting the observed spectrum from distortions. One way to solve this
problem is the so called bin-to-bin correction: an efficiency calculated as the
ratio between the number of events in a certain bin of the reconstructed vari-
able and the number of events in the same bin of the “true” variable. This
efficiency is then used to estimate the number of true events from the num-
ber of events observed in that bin. A limit of this method is that it cannot
take into account large migration of events from one bin to the others and
correlations between adjacent bins.

Ideally one would like to have a function to describe the response of the
detector, so that the measured distribution can be considered as a convolu-
tion of this function with the true one. Let the distribution of a measured
observable be stored in a vector y of dimension n,, where the it" coordinate
of the vector contains the number of entries of the i** bin of the histogram.
Be x the vector (with n, dimension) of the corresponding true distribution.
In an ideal condition with a detector that does not introduce distortion in the
distributions, the two vectors y and x would be exactly the same. The real
detector instead induces a distortion meaning that each event from the true
distribution may find itself in a range of adjacent bins. This is expressed by
the equation:

Ax =y, (6.1)

where A is a matrix n, X n, that describes the detector effects. The matrix
element A;; represents the probability to have a migration of events belonging
to the j-th bin of x to the i-th bin of y. Given a distribution of a measured
variable to obtain the true distribution we need to invert the eq. 6.1 but the
inversion of the matrix A is not a trivial procedure and in principle there is
no reason why this matrix should exist. In this section two different meth-
ods (unfolding techniques) using different approaches will be discussed: the
Singular Value Decomposition (SVD) [135] and the Bayesian unfolding [136].
The first is the one used as default in the analysis while the other is used as
a cross check. The two methods have been implemented using the RooUnfold
package [137].

6.1.1 Singular Value Decomposition method

Under certain conditions the system defined in eq. 6.1 may be reduced to a
diagonal system that can be easily solved, otherwise the problem becomes
ill-determined. In this second case conventional methods of solving linear
systems do not work and the exact solution is not obtainable. The singular
value decomposition (SVD) of a real m xn matrix A consists of its factorization
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as expressed in the formula:
A=USVT, (6.2)

with U an orthogonal matrix m x m, V an orthogonal matrix n x n, while
S is a diagonal matrix m x n with non-negative diagonal elements. After
this decomposition of the matrix A, it becomes easier to manipulate it. The
system 6.1 represents the solution of the following least square problem:

ny

Z(Z Ai]’l’j - yi)2 = min. (63)

i=1 j=1

If the measurement errors in the vector y do not vary from bin to bin the above
equation is not adequate and the following expression has to be minimized:

Ty Ny
z:(ZJAI)2 = min, (6.4)
i=1 Yi

where Ay; is the error in y;. So the general case of this expression is:

(Az — y)T B~ YAz — y) = min, (6.5)

with B the covariance matrix of the measured vector y. Being B a covariance
matrix, it should be symmetric and positive-definite, so its SVD can be written
as:

B = QRQT, Rii =712 >0, B™'=QTR'Q. (6.6)
Rescaling the matrix A and the vector y as:
~ 1 ~ 1

Substituting in eq. 6.5 it is obtained the solution:
nw
j=1

These transformations change the appearance of the system but the main
problem to face still remains and it appears with small singular values. The
exact solution of eq. 6.8 will again most certainly lead to a rapidly oscillating
distribution, which may have a smaller amplitude but is still useless. The
oscillatory component should be suppressed by adding the regularization or
stabilization term to the expression to be minimized that now becomes:

(Az — )T (Az — §) + 7(Cz)T Cx = min. (6.9)

C' is a matrix which defines the condition imposed on the solution, while the
value of the regularization parameter 7 determines the relative weight of this
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condition. While the optimal value of 7, an important part of the procedure,
depends on the problem we deal with, the explicit form of the matrix C' should
be chosen from general considerations. One choice for the C' matrix could be
the one that suppresses the solutions x having large curvatures where the
curvature is defined as 3 [(zj41 — ;) — (z; — zj_1)]?:

-1 1 0 O
1 -2 1 0
C = 0 1 -2 1 .. (6.10)
1 -2 1

Minimization of eq. 6.9 leads to a new linear system, which has n, additional

equations: N N
(A0

A method (called damped least squares [138]) which allows to express the
solution of (6.11) for any 7 through the solution of the initial non-regularized
problem corresponding to 7 = 0 can be used. For 7 = 0 the system ( 6.11)
is equivalent to (6.8), if the inverse C~! exists and can be calculated. It is
not possible to invert the C' matrix defined above. For this reason a small 1
component (1073, 107%) is added to all the diagonal elements in order to obtain
a symmetric non-singular matrix. So the system can be solved in the case of
7 = 0 applying the singular value decomposition expressed in eq. 6.2. Once
this solution has been obtained using the damped least squares method, it is
possible to calculate the solution for each value of the regularization parameter
T.

6.1.2 Bayes method

The Bayes’ theorem could represent a way to unfold the experimental distri-
butions obtaining the true ones. The procedure of Bayesian unfolding can be
explained in terms of causes C; (i = 1,...,n¢) that correspond to the true
value of a variable and in terms of effects E; (j = 1,...,ng) referring to the
variable values. Each cause can produce different effects, but for a given effect
the exact cause is not known. We can assume to know the initial probability
P(C;) and the conditional probability of the i-th cause to produce the effect
P(E|C;). The goal is to estimate the probability P(C;|E) that different causes
C; were responsible for the observed effect . The Bayes formula provides a
solution for this problem:
P(E|C;) - P(Cy)

PIGIE) = s B E(ay - P(Cr) (6.12)
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This formula has the following meaning: if we observe a single event (effect),
the probability that it has been due to the i-th cause is proportional to the
probability of the cause multiplied by the probability of the cause to produce
the effect. The probability P(C;|E) depends on the knowledge of the proba-
bility P(C). Its knowledge can increase with the increasing number of obser-
vations. The outcome of a measurement has possible effects E; (j =1,...,ng)
for a given cause C;. For each E; we can define the probability P(C;|E;)
using the Bayes’ theorem 6.13. We can refer to the conditional probabilities
P(C;i|E;) as a matrix that describes cell to cell migration. The probability
P(C;|E;) depends on P(E;|C;) and this probability can be calculated from
the matrix A previously introduced 6.1. If n(E;) events with effect E; are
observed, the expected number of events associated to each cause is:

n(Ci) =Y _n(Ej)- P(G|E). (6.13)
j=1

This formula can be rewritten in terms of the unfolding matrix M;;:

ng

n(Ci) =Y M;; - n(E;), (6.14)

j=1
with M;; expressed by:

P(E;|C;) - P(C;)
D21 P(ER|C)] - 206 P(E)|C) - P(C))

M;; = (6.15)
This method is also dependent on a regularization parameter that represents
the number of the iterations.

6.1.3 Response matrix calculation

As already explained, because of the limited acceptance and the finite reso-
lution of the detector, migration, distortions and transformations can affect
the distributions of the measured variables. To infer the true distributions
starting from the measured ones a response matrix, describing the migrations
among the bins, has to be built. This is a crucial step both in the SVD and
in the Bayesian approach. The response matrix maps both the information
at reconstructed level and the information at generator (truth) level requiring
that reconstructed level objects are associated to the corresponding particles
at event generator level. The generator level (truth) and reconstructed (reco)
Monte Carlo spectra are therefore needed. For this purpose the Monte Carlo
distributions, simulated by MadGraph 5-flavor scheme with PYTHIA 6 as a
default, are used. The truth Monte Carlo spectra are obtained with a gener-
ator level analysis that should mimic as closely as possible the analysis done
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on the real data and reconstructed MC (described in the previous chapter).
In this case, according to the reconstructed selection, at generator level we
require events with a Z boson that decays into electrons or muons and exactly
one b jet or at least two b jets applying the same selection cut thresholds. Fur-
ther details of the generator level analysis will be given later in the dedicated
section 6.4 . In the case of the response matrix of the transverse momentum
and eta variable of the b jet, the matching between the reconstructed jet and
the generator jet is done requiring a minimum angular separation between the
two b jets in the (1, ¢) plane (AR < 0.5). Some examples of response matrices
for the leading b jet momentum in the Z+1b and Z+2b are shown in fig. 6.1
-6.2. In Appendix 6.6 all the other matrices are available.

Response matrix: (X,y)=(measured,truth)

Response matrix: (X,y)=(measured,truth)
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(a) Response matrix for the leading b jet
momentum in the electron final state with
the Z+1b selection.

(b) Response matrix for the leading b jet
momentum in the muon final state with the
Z+1b selection.

Figure 6.1: Response matrix for the leading b jet momentum with the Z+1b
selection.

6.1.4 Validation of unfolding method

Once the response matrix is obtained for each measured observable, it is ap-
plied to the data distribution using the SVD algorithm as default. Two vali-
dation methods have been used as a check of the whole unfolding procedure:
the identity test and the closure test.

Identity test

The identity test consists in the application of the response matrix to the
same reconstructed Monte Carlo distribution used to build the matrix itself.
This check allows to understand if some biases have been introduced in the
matrix calculation. The resulting unfolded distribution is expected to coincide
exactly with the Monte Carlo truth distribution. In fig. 6.3 an example of the
identity test performed on the pseudorapidity variable of the b jet distribution
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Response matrix: (x,y)=(measured,truth) Response matrix: (x,y)=(measured,truth)
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Figure 6.2: Response matrix for the leading b jet momentum with the Z+2b
selection.

is provided. The plot shows the distribution of the pseudorapidity of the
reconstructed b jet (red line) and of the b jet at generator level (green line)
that coincides with the unfolded distribution as can be checked looking at the
ratio between the unfolding output and the generator level Monte Carlo that
is exactly one.
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(a) The identity test performed on the pseu-
dorapidity variable of the b jet distribution
in the Z+1b case and electron final state.

(b) The identity test performed on the pseu-
dorapidity variable of the b jet distribution
in the Z+1b case and muon final state.

Figure 6.3: The identity test performed on the pseudorapidity variable of the
b jet distribution in the Z+1b case.

Closure test

The identity test has been performed for all the distributions and the results
are consistent with our expectations in all the cases. Another test to demon-
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strate that the unfolding algorithm does not introduce additional biases in the
distributions is the closure test. It is performed applying the response matrix
to the reconstructed distribution obtained with another Monte Carlo with re-
spect to the one used to derive the response matrix. As example, in fig. 6.4
the closure test performed on the pseudorapidity of the b jet distribution of
the b tagged jet is shown. In that case the MadGraph 5-flavor scheme is used
to calculate the matrix that is then applied to the distribution obtained with
Madgraph 4-flavor scheme. A good agreement between unfolded and truth
distribution is obtained showing that there is not an explicit dependence on
the type of Monte Carlo used in the unfolding procedure.

Unfold w_first_bjet_eta
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5 3 25 5 3 25
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(a) The closure test performed on the pseu-
dorapidity variable of the b jet distribution
in the Z+1b case and electron final state.

(b) The closure test performed on the pseu-
dorapidity variable of the b jet distribution
in the Z+1b case and muon final state.

Figure 6.4: The closure test performed on the pseudorapidity variable of the
b jet distribution in the Z41b case.

6.1.5 Unfolded distributions

In this analysis the unfolding has been implemented using the RooUnfold
package [137] that provides a framework for different unfolding algorithms.
The SVD method is the one used as default while the Bayesian method is
performed only as a cross check. In both the cases the choice of a value for
the regularization parameter (k) is an important step in the unfolding proce-
dure. For the Bayesian approach, the regularization is achieved by stopping
iterations before reaching the “true” inverse. The regularization parameter is
just the number of iterations. In principle, this has to be tuned according to
the sample statistics and binning. In practice, the results are fairly insensi-
tive to the precise setting used and four iterations are usually sufficient. In
the case of the SVD method the value of the regularization parameter can be
chosen in the range [2, Np;ps]. The regularization needs to be tuned according
to the distribution, binning, and sample statistics in order minimize the bias
due to the choice of the Monte Carlo truth sample (which dominates at small
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k) and avoiding results too dominated by statistical fluctuations (which grow
at large k). In order to choose a value for the regularization parameter in the
SVD procedure, the closure test has been studied for each distribution. The
value of the regularization parameter that allows to obtain the most reliable
closure test in each distribution (both in the Z+1b and Z+2b cases) is chosen.
The ratio between the unfolded results and generator level distributions in the
closure test, using the chosen parameter, is indeed the closest to the unity
and the oscillating contributions are reduced. The results of the unfolding
procedure applying the SVD method are presented in fig. 6.5 - 6.14.
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trough its deacay mode into electrons. trough its deacay mode into muons.

Figure 6.5: Unfolding results for the leading b jet momentum in electrons and
muons final state.
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Figure 6.6: Unfolding results for the leading b jet pseudorapidity in electrons

and muons final state.
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Figure 6.7: Unfolding results for the transverse momentum of the Z boson in

electrons and muons final state.
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Figure 6.8: Unfolding results for the Hr variable in electrons and muons final

state.
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Figure 6.10: Unfolding results for the variable AR between the two b tagged
jets in electrons and muons final state.
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Figure 6.11: Unfolding results for the variable A¢ between the two b tagged
jets in electrons and muons final state.
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tified trough its deacay mode into electrons.
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is identified trough its deacay mode into
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Figure 6.12: Unfolding results for the variable AR between the Z boson and
the closest b tagged jet in electrons and muons final state.
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(b) Unfolded distribution of the AR be-
tween the Z boson and the further b tagged
jet in the sample Z+2b jet where the Z
is identified trough its deacay mode into
muons.

Figure 6.13: Unfolding results for the variable AR between the Z boson and
the further b tagged jet in electrons and muons final state.
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Figure 6.14: Unfolding results for the of the asymmetry between the Z boson
direction and the b tagged jet direction variable in electrons and muons final

state.

147



6. Cross sectiolp.theaSUATEHTICAL AND SYSTEMATIC UNCERTAINTIES

6.2 Statistical and Systematic uncertainties

This section deals with the possible sources of uncertainties associated to this
measurement. The main contributions to the total systematic uncertainty
come from:

e jet energy correction and resolution

e pileup

luminosity

background estimate
o cfficiency
e unfolding

The sources of statistical uncertainty related to the Z+b cross section mea-
surement are:

e statistical uncertainty associated to the datasets used for data and Monte
Carlo contributions

e statistical errors on the elements of the response matrix built in the
unfolding procedure

e top-antitop background estimation method
e ) purity extraction procedure

each of them will be described in the following subsections. The total con-
tributions of the systematic uncertainties is then added in quadrature to the
statistical error in the final cross section measurement.

Jet energy correction and resolution

The main uncertainty in jet reconstruction comes from the uncertainty on the
jet energy corrections (JEC) and the jet energy resolution (JER).

e jet energy corrections (JEC).
As explained in the Chapter 4, the jet energy measured in the detector
is in general different from the corresponding particle jet energy. The
main cause for this energy mismatch is the non uniform and non linear re-
sponse of the CMS calorimeters to the jet showers. Moreover, electronic
noise and pileup particles originating from the additional proton-proton
interactions can introduce biases and smear the reconstructed jet energy.
All these effects are taken into account applying a set of corrections to
the raw jet four-momentum vector p"®¥ in order to obtain the corrected

148



6. Cross sectiolp.theaSUATEHTICAL AND SYSTEMATIC UNCERTAINTIES

jet four-momentum p®". To evaluate the systematic uncertainty in-
duced by this correction, all the reconstructed jet transverse momenta
are varied as:

p? =p“" - (14 o0sEC), (6.16)

pdown — pcorr . (1 _ O'JEC), (6.17)

where the o gc is the addition in quadrature of all the uncertainties
relative to the jet correction factors.

e jet energy resolution (JER).

Experimental results show that jet energy resolution (JER) in data is
worse than in the simulation therefore the jet energy in the Monte Carlo
needs to be smeared to better describe the data. For this reason another
set of corrections has to be applied to the reconstructed jet momentum
in simulated events. In order to estimate the uncertainty due to this
correction, two additional sets of correction factors are used and the
impact on the measured distribution is evaluated. These new sets have
been obtained by systematically shifting the measured factors down and
up of one standard deviation.

The systematic effect both for the JEC and JER correction is estimated by
comparing the distributions obtained using the standard corrections and their
variation.

Pileup

The Monte Carlo reweighting procedure adopted in order to reproduce the
expected number of the pileup interactions correctly, carries out some system-
atic uncertainties that must be propagated through the analysis [139]. The
pileup model employed has several sources of systematic error:

e uncertainty in the number of interactions in data.

It is estimated from the measured luminosity in each bunch crossing
multiplied by an average total inelastic cross section. Two sources of
error, that are also the dominant contributions, come up: the luminos-
ity uncertainty, and the uncertainty in the total inelastic cross section.
Combining the errors on the luminosity and cross section measurements,
the estimated number of interactions has a total uncertainty of about
3.9% in 2012.

e differences between the PYTHIA model of pileup and what is observed
in the data. There could be for example, differences in multiplicity,
momentum and energy spectra, angular distribution. An uncertainty in
order to take into account these effects is needed.

149



6. Cross sectiolp.theaSUATEHTICAL AND SYSTEMATIC UNCERTAINTIES

e errors associated with the beam size along the z axis. The bunch length
changes by approximately 1 cm during the course of each fill. It increases
as the fill progresses, which implies that, as the luminosity decreases,
pileup interaction are easier to distinguish from the primary interaction.
None of these effects are in the simulation.

A variation of £5% in the number of interactions is then applied to cover all
the uncertainties described due to pileup modeling.

Luminosity

As the integrated luminosity enters in the expression of the differential cross
sections measured in this analysis, the luminosity uncertainty directly affects
these measurement. The measurement of the LHC luminosity delivered to
CMS in the 2012 proton-proton physics run has been measured using the
cluster counting technique from the silicon pixel detector [140]. The overall
uncertainty on the integrated luminosity is estimated to be 2.6% for 2012.

Background estimate

A systematic uncertainty is related to the the background subtraction pro-
cedure because of the uncertainties in the cross sections used to rescale the
simulated background samples. Before the background subtraction from data,
each sample is rescaled by a factor fporm:

L - opy

norm — y 1
Fror = (6.18)

where L is the integrated luminosity, oy is the theoretical cross section of a
given background process and Nge, is the number of events generated. The
theoretical cross section for each process is shifted by a 10% of their central
value.

The tt background has been evaluated using a data driven approach as ex-
plained in the Sec. 5.4.1. The contribution of the uncertainty due to top
background estimate is given by the errors on the normalization, extracted
from the fit to the invariant mass distribution (M.+ .- ) with the ey method.

b purity

A not negligible contribution to the backgrounds comes from Z-jets events
where charm and light/gluon jets are misidentified as b jets. In order to
extract the different quark components a fit to the Secondary Vertex mass
distribution has been done using the templates built in the Monte Carlo. The
systematic error due to this method is obtained varying the normalization
factors of a a 10% of their central values. The systematic uncertainty is the
evaluated comparing the cross sections obtained with the central values and
those obtained after the variation.
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Efficiency

Systematic uncertainties associated to the scale factors applied to Monte Carlo
samples are considered. Several sources of uncertainties are due to the Tag
and Probe method applied in order to extract the efficiency in data and Monte
Carlo. In particular two major categories should be considered. The first
category includes uncertainties related to the specific choices made in the
definition of the tag and probe procedure such as the invariant mass (M)
window, the choice of the tag selection criteria or the choice of Monte Carlo.
Sources coming from the methodology, such as background estimation and
subtraction, dependence on pileup scenario and hadronic activity in the event,
belong to the second category. However an important advantage in using the
scale factors, defined as the ratio between the efficiency measured in data
and the one estimated in Monte Carlo, is the reduction of several common
systematic uncertainties as possible correlations between tag and probe or
hadronic activity in the event. The main source of systematic uncertainties
that still remains applying the scale factors instead of the efficiencies in data
and Monte Carlo samples is due to the background estimation in the data
sample used in the Tag and Probe method. The efficiencies in Monte Carlo
are calculated from simple counting procedure done on signal sample while a
fit is used for data and this is the reason why the uncertainty in data arising
from background parametrization and shape used in fit do not cancel during
evaluation of the scale factors. The scale factors measurement is performed
in the 2D-bins of electron transverse energy and pseudorapidity. For each bin
the scale factors are evaluated using a different background shape and the
maximum shift of central values is taken as associated systematic:

Ap = (’ Pcent — Pvar |)maac7 (6.19)

where peent is the central result and pyq, is the result obtained by varying the
background parametrization. The systematic uncertainty related to the scale
factor application is estimated 1.5% in the dielectron final state and 2% in the
muons final state.

The b tagging efficiency is measured in data using several methods applied
to multijet events and tt events. The efficiency measured in data is compared
to the one measured in the simulation; scale factors SFp = Egat“ / 5{,\/[ C are then
calculated and used to rescale the Monte Carlo sample. Several systematic
uncertainties affect the b tagging efficiency measurement:

e pileup: the measured b tagging efficiency depends on the number of
proton-proton events superimposed to the primary interaction of in-
terest. In order to match the data better, each Monte Carlo event is
reweighted to agree with the average observed pileup. The data and
Monte Carlo samples, used in the efficiency estimation, are split into
two parts, corresponding to events with a number of reconstructed pri-
mary vertices below and above the average value. Each subsample is
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then used to extract the scale factors SF, = gfat@ /eM C. The systematic
uncertainty is computed as the difference between the two SFp values.

e muon pr cut: for b tagging efficiency estimation, dedicated QCD sam-
ples with the requirement of a reconstructed muon have been produced.
The central value of the b tagging efficiency is extracted from data with
muon transverse momentum (pf.) greater then 5 GeV. Another sample
of events is selected when pf. is increased to quantify how this cut affects
the b tagging efficiency. The scale factors are calculated in the two sub-
samples and the maximum deviation observed from the central value is
taken as a systematic uncertainty.

e gluon splitting: QCD events may have a larger fraction of gluon split-
ting into a bb pair than what is generated in the simulation. A Monte
Carlo sample where the number of events with gluon splitting was artifi-
cially changed has been generated. Results obtained with this modified
gluon-splitting Monte Carlo sample are then compared to the ones with
the default sample. The observed deviation is quoted as a systematic
uncertainty.

The b tagging scale factors give a contribution of 3% of the total cross section
to the systematic uncertainty in the Z+1b case and up to 6% in the Z+2b
case.

Unfolding

One of the biggest contributions to the total systematic uncertainties comes
from the unfolding procedure. In order to estimate it, a new weighted response
matrix is built. The weight used to rescale each element of the matrix is given
by the ratio between the pre-unfolded data and the reconstructed Monte Carlo.
The difference between the results obtained with this new response matrix and
the standard one is taken as systematic error. Another source of systematic
error due to the unfolding procedure is related to the statistic errors on the
elements of the response matrix.

6.3 Combination

The selection applied to identify the Z boson is based on the reconstruction
and selection of electrons and muons that are candidate decay products of the
Z. In the previous chapter the details of this selection has been provided and
also several distributions shown separately for the sample where a Z boson is
selected using its decay mode into electrons and for the other sample where
the Z boson has been identified through its decay into muons. The differ-
ential cross sections presented in this chapter have been obtained, instead,
combining electron and muon channels after checking the consistency between
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results achieved for electron and muon final state. To combine measurement of
the same observable individual uncertainties and their correlations are taken
into account. The systematic uncertainties in the combined cross sections are
calculated by considering the eventual correlation between the electrons final
state and the muon final state. The combination is done bin by bin consid-
ering the uncertainties fully correlated or uncorrelated between the muon and
electron samples, while the correlation between the bins of the distribution
is not treated. The uncertainties related to the following sources have been
treated as fully correlated:

e the jet energy correction and jet energy resolution

e the procedure adopted to reweight the Monte Carlo in order to reproduce
the pileup in the simulated sample

e the unfolding procedure
e the estimation of background contributions from the Monte Carlo
o the integrated luminosity estimate

The above uncertainties are fully correlated because they have been estimated
with the variation of a certain parameter in the same way in the electron and
muon distribution. The study of the effects of these variation in the muon
and the electron distribution provides two independent estimates of the same
quantity. So for these uncertainties an average value is taken as global effect.
The sources that induce uncertainties that can be considered uncorrelated are:

e the application of scale factors to Monte Carlo samples

e the b purity estimation procedure

e the ¢t background extraction

e the available statistics in the data and Monte Carlo samples

The value of the i — th bin of the combined cross section is obtained by the
weighted average of the values of the ¢ — th bin in the electron and muon dis-
tribution. The weight is given by the quadrature sum of all the contributions
of uncorrelated uncertainties. The error of the weighted average is given by
its variance:

v
g

Ocle Tmuon

(6.20)

Tables 6.13-6.2 show the systematic error contributions (in percent) for the
differential cross section measurement as a function of the leading b tagged
jet pseudorapidity for the combined channels in the sample Z+1b jet and
Z+2b jets respectively. A breakdown of all the statistics and systematics
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error sources together with the relative total error expressed in percentage on
the other observables measured in the analysis is given in Appendix 6.6. The
dominant source of uncertainty is the unfolding whose contribution ranges
from 2% to over 45% depending on the distribution considered, both in the
Z+1b and Z+2b cases.

bin | data | bkg | eff | jec | jer pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 1.0 2.5 1.4 1.8 0.2 0.2 0.2 0.2 4.2 3.0 1.0 2.6 2.6 4.3 5.9 7.3
2 1.0 2.4 1.3 1.8 0.2 0.2 0.2 0.2 4.2 3.0 1.0 2.5 2.6 4.3 5.8 7.2
3 1.0 2.3 1.4 1.7 0.2 0.2 0.2 0.2 4.2 3.0 0.9 2.3 2.6 4.3 5.7 7.1
4 0.9 2.2 1.4 1.7 0.2 0.2 0.2 0.2 4.2 3.0 0.9 2.1 2.6 4.3 5.5 7.0
5 0.9 2.1 1.3 1.6 0.2 0.2 0.2 0.2 4.1 3.0 0.8 1.9 2.6 4.2 5.4 6.8
6 0.8 2.0 1.3 1.6 0.2 0.2 0.2 0.2 4.1 3.0 0.8 1.6 2.6 4.2 5.2 6.7
7 0.8 1.9 1.3 1.5 0.2 0.2 0.2 0.2 4.1 3.0 0.7 14 2.6 4.2 5.1 6.6
8 0.8 1.8 1.3 1.5 0.3 0.2 0.2 0.2 4.1 3.0 0.7 1.3 2.6 4.2 5.1 6.6
9 0.8 1.8 1.3 1.5 0.3 0.2 0.2 0.2 4.1 3.0 0.7 1.2 2.6 4.2 5.0 6.5
10 0.8 1.9 1.4 1.5 0.4 0.2 0.2 0.2 4.1 3.0 0.7 0.9 2.6 4.2 5.0 6.5
11 0.8 2.0 1.4 1.6 0.4 0.2 0.2 0.2 4.1 3.0 0.7 0.5 2.6 4.2 5.0 6.5
12 0.9 2.1 1.3 1.6 0.5 0.3 0.2 0.2 4.1 3.0 0.7 0.2 2.6 4.2 5.0 6.6
13 0.9 2.2 1.3 1.6 0.5 0.3 0.2 0.2 4.2 3.0 0.8 0.4 2.6 4.3 5.1 6.6
14 1.0 2.3 1.3 1.7 0.5 0.3 0.2 0.2 4.2 3.0 0.8 0.8 2.6 4.3 5.2 6.8
15 1.0 24 1.3 1.8 0.6 0.3 0.2 0.2 4.2 3.0 0.8 1.1 2.6 4.3 5.4 6.9
16 1.0 2.5 1.4 1.8 0.6 0.3 0.2 0.2 4.2 3.0 0.9 1.3 2.6 4.3 5.5 7.0
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 6.1: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the leading b tagged jet
pseudorapidity in the sample Z+1b jet for the combined channels.

bin | data | bkg | eff | jec | jer | pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error
0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 4.8 5.6 1.3 5.9 1.6 0.6 0.6 2.6 0.0 6.0 5.3 2.7 2.6 5.5 12.2 13.4
2 4.6 54 1.3 5.8 1.5 0.7 | 0.6 2.6 0.0 6.0 5.2 2.6 2.6 5.3 12.0 13.1
3 4.4 5.2 1.4 6.1 1.5 0.8 0.6 2.6 0.0 6.1 5.0 2.6 2.6 5.1 12.1 13.1
4 4.2 5.0 1.3 6.0 1.3 0.7 | 0.6 2.6 0.0 6.0 4.9 2.8 2.6 5.0 11.8 12.8
5 4.0 4.7 1.3 6.2 1.2 0.8 0.6 2.6 0.0 6.0 4.7 2.9 2.6 4.8 11.8 12.7
6 3.8 4.5 1.3 6.3 1.0 0.8 0.5 2.7 0.0 6.0 4.5 3.0 2.6 4.6 11.6 12.5
7 3.6 4.3 1.3 64 | 08 0.8 0.5 2.7 0.0 6.0 4.4 3.0 2.6 4.5 11.6 12.4
8 3.5 4.2 1.3 6.6 0.9 0.8 0.5 2.7 0.0 6.0 4.3 2.9 2.6 4.4 11.6 12.4
9 3.5 4.2 1.3 6.8 1.0 0.8 0.5 2.8 0.0 6.1 4.3 2.8 2.6 4.5 11.7 12.5
10 3.6 4.3 1.3 6.9 1.2 0.8 0.5 2.8 0.0 6.0 4.3 2.7 2.6 4.6 11.8 12.6
11 3.8 4.5 1.3 7.0 1.5 0.8 0.5 2.8 0.0 6.0 4.5 2.4 2.6 4.7 11.9 12.8
12 4.1 4.8 1.3 7.1 1.7 | 0.9 0.5 2.8 0.0 6.0 4.6 2.3 2.6 4.9 12.2 13.1
13 4.3 5.0 1.3 7.2 1.9 0.9 0.5 2.8 0.0 6.0 4.8 2.0 2.6 5.1 12.4 13.4
14 4.5 5.3 1.3 7.3 2.1 1.0 0.5 2.8 0.0 6.0 5.0 1.8 2.6 5.3 12.7 13.7
15 4.7 5.5 1.3 74 | 22 0.9 0.5 2.8 0.0 6.0 5.2 1.6 2.6 5.5 12.8 13.9
16 4.9 5.8 1.4 7.9 2.7 1.2 0.6 2.8 0.0 6.7 5.4 1.7 2.9 5.7 13.9 15.0
17 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 6.2: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the leading b tagged jet
pseudorapidity in the sample Z+2b jet for the combined channels.
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6.4 Generator level analysis

The generator level analysis should mimic as closely as possible the analysis
done on the real data. That means the same selection requirements have to
be applied also in this analysis and that physics effects which affects measure-
ments, as the final state radiation (FSR), have to be considered and properly
treated at generator level. Experimentally, depending on the reconstruction
and the detector limitations, one may not be able to identify the real photon
emitted close to the lepton. During the object reconstruction phase these pho-
tons are inevitably merged into the lepton. In order to allow valid comparisons,
the theory and the experiment should use the same definitions of the lepton
object. Among the generated final state particles a pair of leptons (electrons
or muons) with opposite sign and highest transverse momentum have to be
selected. In order to take into account FSR effects it is necessary to consider
additionally the photons around the lepton. One should define a cone around
the lepton which should be used for the “dressing”, adding explicitly photons
to the lepton. In such way the effective contribution from FSR photons is
considered in the estimation of the lepton four momentum. These leptons are
called dressed leptons and they should be the closest to the real objects. The
final generator lepton objects considered in the analysis are so composed of
a “bare” lepton and all the photons inside a cone of AR = 0.1 and they are
required to have:

e transverse momentum greater than 20 GeV
e the eta variable has to be in the range [-2.4,2.4]

e a minimum distance of 0.5 in AR between the jet and the two leptons
identified as decay products of the Z boson

For the lepton pair passing this selection, the invariant mass is calculated
requiring it to be in the allowed Z mass window, which has been chosen to be 71
GeV < Mj+;- < 111 GeV. The jets are clusterized using the anti-kt algorithm
with a clusterization parameter AR = 0.5. Before the clusterization some
particles are removed from the sample of final state particles. The leptons and
the FSR photons selected are eliminated from the sample of final state particles
to avoid to count them as jets and also the neutrinos are not considered in
the construction of the jets. The jets must have a transverse momentum
greater than 30 GeV and be inside the acceptance defined by the range in 7 of
[—2.4,2.4]. After the jet selection an algorithm is used to identify those that
are originated by the hadronization of a b quark. A jet is tagged as a b jet if
a B hadron is present in the history of one of the particles that constitute it.
The B hadron found has to be close to the jet inside a cone of AR = 0.5.
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6.4.1 RIVET

RIVET (Robust Independent Validation of Experiment and Theory) [141] is a
C++ class library that produces simulated distributions which can be directly
compared to measured data for Monte Carlo validation and tuning studies. It
can also be used without reference data to compare two or more generators to
each other for tune comparison. The final purpose is to have a RIVET analysis
relative to each physics paper published, storing the relative experimental data
in a file format adopted by RIVET. This last step allows for an automated
generation of the bin-edges of a histogram, starting from the one available with
the real data. Furthermore, it allows for an easy comparison between data and
Monte Carlo, with supplied scripts. The RIVET library includes all the tools
needed to calculate physical observables and it also contains a set of analysis
already implemented from LEP, HERA, RHIC, KEK-B, Tevatron Runs I and
IT, LHC and more. This means that all the given analyses can still be run
independently from the details of different experiments. RIVET operates on
the HepMC [142] event record that is a standardized event format for Monte
Carlo generators and that makes RIVET generator-independent. As for the
generator level analysis described above, the RIVET analysis should mimic as
closely as possible the analysis done on the real data. The steps followed to
build the RIVET analysis for the present work are the same explained in the
previous section.

6.5 Cross section measurement

In this chapter the results of the measurement of the differential cross section
for the production of a Z boson with exactly one b jet or at least two b jets
are shown. The differential cross section z—g (with z one of the measured

observables) is given by the following equation:

dﬁ _ Nsel - kag’ (621)
dx e- [Ldt

where Ny is the number of the events passing the selection requirements as
described in the previous chapter, Ny, is the estimated number of different
background contributions, ¢ is an efficiency term and [ Ldt is the integrated
luminosity. The different Monte Carlo background samples have to be rescaled
taking into account the number of generated events and the theoretical cross
section calculations (eq. 6.18). The tf background is normalized using the
factor (c¢;) extracted by fitting the sidebands of the dielectron or dimuon in-
variant mass distribution using the sidebands obtained in the ey sample. The
Nyig term comprises also the Z+ jets events where the jets coming from the
hadronization of ¢ or light quarks have been wrongly tagged as b jets. These
samples are corrected for the scale factors extracted from the Secondary Vertex
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Mass fitting procedure before being subtracted. In the case of the associated
production of a Z boson and exactly one b tagged jet also migrations from
the Z+2b sample have to be considered. So those events with more than 1 b
tagged jet have to be rescaled and reduced. Migrations do not affect the Z+2b
jet that is an almost pure sample after the selection applied. The Monte Carlo
samples are also corrected for the scale factors SF = g9t /eMC in order to
take into account the difference between the efficiencies measured in data and
those predicted by the simulation. The application of the scale factors to
Monte Carlo samples makes possible the background subtraction as the data
and Monte Carlo samples are consistent. In fig. 6.15 - 6.31 the differential cross
sections for the associated production of the Z boson with exactly or at least
two b tagged jets as function of several observables are shown. The plots show
the results obtained for the combined channels electrons plus muons with the
statistical uncertainty. The measurements are deconvolved from the detector
effects using the unfolding technique as described in Sec. 6.1 and are compared
with different theoretical calculations made by MadGraph 4FS and MadGraph
5FS event generators, both interfaced with the parton shower PYTHIA6 and
POWHEG plus PYTHIAG.
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Figure 6.15: Unfolded differential Z+1b jet cross section as a function of
the leading b jet transverse momentum for electrons and muons final state,
compared with the different theoretical expectations: MadGraph 4Fs (orange
band), MadGraph 4Fs (green band) and POWHEG (blue band).
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Figure 6.20: Unfolded differential Z+2b jet cross section as a function of
the leading b jet transverse momentum for electrons and muons final state,
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Figure 6.23: Unfolded differential Z+1b jet cross section as a function of the
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Figure 6.27: Unfolded differential Z+2b jet cross section as a function of the
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final state, compared with the different theoretical expectations: MadGraph
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Figure 6.28: Unfolded differential Z42b jet cross section as a function of the
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Figure 6.30: Unfolded differential Z42b jet cross section as a function of the
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state, compared with the different theoretical expectations: MadGraph 4Fs
(orange band), MadGraph 4F's (green band) and POWHEG (blue band).
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Figure 6.31: Unfolded differential Z+2b jet cross section as a function of
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for electrons and muons final state, compared with the different theoretical
expectations: MadGraph 4Fs (orange band), MadGraph 4Fs (green band)
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6.6 Interpretation of the results

In the previous section, the differential cross sections for the associated pro-
duction of a Z boson and exactly one or at least two b jets, measured at 8
TeV, as function of different observables have been presented. The results
shown, corrected for the detector effects by mean of the SVD unfolding, have
been obtained combining the electron and the muon channels taking into ac-
count correlations between the systematic uncertainties. All the results have
been compared to theoretical expectations using a dedicated RIVET analy-
sis. Theoretical predictions at leading order in QCD are computed with the
MadGraph event generator in the four-flavour (4FS) and five-flavour (5FS)
schemes and with POWHEG that provides a next-to-leading order matrix
element calculation limited to the emission of one jet of any flavour. Both
MadGraph and POWHEG event generators have been interfaced with Pythia
6 tune Z2*. The parton density functions adopted for MadGraph plus Pythia
6 is CTEQG6L1 for the 5FS and MSTW2008 for the 4FS, while the CT10 is
used inside POWHEG plus PYTHIA 6. The theoretical predictions have been
rescaled to the available cross section calculation: next-to-next leading or-
der cross section (MadGraph 5FS case) or to the leading order cross section
(MadGraph 4FS) or to the next-to leading order cross section (POWHEG).
The comparison between the measured differential cross section for the
associated production of a Z boson and exactly one b jet and the theoretical
predictions provided both by MadGraph plus PYTHIA 6 and POWHEG is
found in good agreement within the measurement systematic and statistical
uncertainties. A difference (order 30%) is observed between data and theo-
retical expectation by MadGraph at low transverse momentum of the leading
b jet and of the Z boson. This discrepancy would probably be reduced with
a next-to leading order (NLO) matrix element calculation with MadGraph.
Differences of the order of 10% can be seen between the predictions done with
the 4FS and 5FS approaches especially in the b jet transverse momentum and
Z boson pr where a small discrepancy in the comparison with data is found
for the 4FS in the low momentum region. In the Z42b jets final state the
MadGraph 5FS provides a better description than the MadGraph 4FS in all
the kinematic variables. In particular the 5FS seems to reproduce more pre-
cisely the high transverse momentum region of the leading b jet and of the Z
boson. Moreover an overestimation of the 4FS prediction to data can be noted
in the differential cross section as function of the pseudorapidity especially in
the forward region. In order to better exploit the different approaches in the
theoretical calculations understanding the impact of the b quark mass other
kinematic distributions have been studied in the case of the Z+2b jet final
state. The differential cross section as function of angular variables and the
invariant mass of the system formed by the b jets and the Z boson have been
shown. Some evidence for disagreement between 4FS predictions and data
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are also visible in these cases. The theoretical uncertainties coming from the
renormalization scale and those related to the different PDF sets are not yet
considered in these final results and their estimate and inclusion represent the
next step of this analysis.

167



Conclusions

The measurement of the differential cross sections as function of different ob-
servables for the associated production of a Z boson and b jets have been
presented. This thesis is based on data collected with the CMS detector in
2012. The data sample analysed corresponds to proton-proton collision events
at a center-of-mass energy of 8 TeV and to an integrated luminosity L = 19.78
fb~! in the Z — ete™ selection and L = 19.75 fb~! in the Z — uTp~ selec-
tion. The production of b quarks in association with a vector boson Z is a
challenging topic both under a theoretical and experimental point of view. It
is interesting to study both the process with a Z boson and exactly 1 b jet
(Z+1b) and also that with a Z boson associated with at least 2 b jets (Z+2b).
The associated production of the Z boson and exactly one b jet is of inter-
est for precision tests of pQCD. Since predictions use different approaches
to calculate this production mechanism (massive versus massless b-quarks,
4/5-flavor approaches, LO versus NLO), the study of this process provides
information to distinguish between these different approaches. Moreover, the
Z +1b jet process can be of interest to study the b content of the proton. The
production of a Z boson in association with at least two b jets is especially
interesting in the context of searches. The Z+42b represents the main back-
ground for processes with the same final state like the Standard Model Higgs
decay H — Z(l1)Z(bb) and the Higgs Strahlung (qq¢ — ZH (bb)) or for search
of new particles as SUSY Higgs or fourth generation heavy quarks. Specific
requirements on some variables have been applied in order to discriminate
the Z + b signature. Then, different background contributions have been
evaluated using Monte Carlo simulations, except in the case of ¢t background
whose extraction has been performed using a data driven approach. The b
jets fraction, defined as the number of events after the selection that truly
contains one or at least two b tagged jets, is an important variable in this
analysis. For this reason a particular attention has been dedicated to estimate
the contamination of different quark flavours extracted simultaneously in the
Z + 1b and Z + 2b samples, in order to take into account possible inefficien-
cies in the tagging of jets and so migrations of events from one sample to the
other. In order to compare the measured data with the theoretical predictions,
the measured observables have been corrected to deconvolve them from the
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detector effects with the unfolding method. Different sources of systematic un-
certainties and their effects have been explored. Finally the differential cross
sections measured have been compared with QCD theoretical predictions with
several implementations: leading order calculation made by MadGraph 5FS
and MadGraph 4FS, next-to-leading order calculation provided by POWHEG
(next-to leading order calculation limited to the emission of one jet). The
comparison between the measured differential cross section for the associated
production of a Z boson and exactly one b jet and the theoretical predictions
provided both by MadGraph and POWHEG plus PYTHIA 6 (tune Z2*) is
found in good agreement accounting for the measurement uncertainties ex-
cept for some discrepancies (order 30%) observed in the comparison using
the theoretical expectation by MadGraph at low transverse momentum of the
leading b jet and of the Z boson. This discrepancy would probably be reduced
with a next-to leading order matrix element calculation with MadGraph. For
the Z+2b jets differential cross sections, all prediction provide a reasonable
description of the data within the large experimental uncertainties. In this
case the MadGraph 5FS seems to provide a better description than the Mad-
Graph 4FS and POWHEG in all the kinematic variables. This is probably
due to the fact that the next-to leading order matrix element calculation of
POWHEG is limited to the emission of only one jet. In these comparisons
the theoretical uncertainties coming from the renormalization scale and those
related to the different PDF sets are not considered so an important step for
this analysis could be the estimation of these contributions. It could be very
interesting to compare these results with theoretical predictions obtained us-
ing next-to leading order matrix element provided by MadGraph four-flavor
and five-flavor schemes.
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Appendix A

Unfolding response matrices

Response matrix: (X,y)=(measured,truth)
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Figure 6.32: Response matrix for the leading b jet pseudorapidity variable

with the Z+41b selection.
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Figure 6.36: Response matrix for the leading b jet pseudorapidity variable
with the Z4-2b selection.
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Response matrix: (X,y)=(measured,truth) Response matrix: (X,y)=(measured,truth)
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Figure 6.37: Response matrix for the Z boson transverse momentum with the
Z+2b selection.

Response matrix: (x,y)=(measured,truth) Response matrix: (x,y)=(measured,truth)
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Figure 6.38: Response matrix for the Hp variable with the Z4-2b selection.
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Response matrix: (X,y)=(measured,truth) Response matrix: (X,y)=(measured,truth)
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Figure 6.39: Response matrix for the A®(Zb) variable with the Z+42b selec-
tion.

Response matrix: (x,y)=(measured,truth) Response matrix: (x,y)=(measured,truth)
= 5 =z 5
gL g Eswp
245 245
s F s F
'3 = o =
a A a A
35 3.5F 10
3f 3f
25F- 25
2? 2? N
15 15
== i
osE- osf
obL ol b R
05 1 15 2 25 3 35 4 45 & 05 1 15 2 25 3 35 4 45 5
AR(bb) [rad] AR(bD) [rad]

(a) Response matrix for the AR(bb) variable  (b) Response matrix for the AR(bb) variable
with the Z+420b selection in the electron final ~ with the Z+2b selection in the muon final
state. state.

Figure 6.40: Response matrix for the AR(bb) variable with the Z+2b selection.
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Response matrix: (x,y)=(measured,truth) Response matrix: (x,y)=(measured,truth)
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Figure 6.41: Response matrix for the A¢(bb) variable with the Z+2b selection.

Response matrix: (X,y)=(measured,truth) Response matrix: (X,y)=(measured,truth)
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Figure 6.42: Response matrix for the AR(Zb)™" variable with the Z-+2b
selection.
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Response matrix: (X,y)=(measured,truth) Response matrix: (X,y)=(measured,truth)
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Figure 6.43: Response matrix for the AR(Zb)™*" variable with the Z42b
selection.
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Figure 6.44: Response matrix for the asymmetry Az, variable with the Z+42b
selection.
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Response matrix: (X,y)=(measured,truth)
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Figure 6.45: Response matrix for the invariant mass variable between the two

b jets with the Z+2b selection.
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Figure 6.46: Response matrix for the invariant mass variable between the two
b jets and the Z boson with the Z+2b selection.
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Appendix B

Statistical and systematic uncertainties

bin | data | bkg | eff | jec | jer pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 1.7 4.2 1.4 1.7 1.1 0.3 0.1 0.0 6.5 3.0 1.5 12.4 2.6 6.7 14.0 15.5
2 1.6 3.7 1.3 1.2 1.3 0.5 0.2 0.2 3.5 3.0 1.6 5.4 2.6 3.9 8.1 9.0
3 1.7 3.8 1.3 1.6 1.1 0.6 0.2 0.3 2.9 3.0 1.7 2.2 2.6 3.3 6.6 7.4
4 1.9 4.1 1.3 3.5 0.6 0.8 0.2 0.4 2.6 3.0 2.1 8.6 2.6 3.3 11.3 11.7
5 2.2 4.9 1.3 2.7 1.1 0.5 0.2 0.5 24 3.0 2.8 10.7 2.6 3.3 13.1 13.5
6 2.7 5.9 1.3 1.9 1.5 0.3 0.1 0.5 2.5 3.0 3.0 10.4 2.6 3.7 13.2 13.7
7 3.3 7.2 1.4 2.4 0.9 1.0 0.1 0.6 3.0 3.0 3.7 7.4 2.6 4.5 12.0 12.8
8 3.8 8.5 1.3 3.6 1.3 1.7 0.1 0.6 3.4 3.0 4.1 9.9 2.6 5.2 14.9 15.8
9 4.2 9.2 1.4 3.5 2.0 1.7 0.1 0.5 3.1 3.0 4.8 11.2 2.6 5.2 16.4 17.2
10 4.5 9.7 1.3 4.2 1.8 0.8 0.1 0.5 2.4 3.0 5.7 16.1 2.6 5.1 20.6 21.2
11 5.2 | 109 | 1.3 5.5 3.0 1.0 0.2 0.4 1.5 3.0 7.2 23.1 2.7 5.5 27.6 28.1
12 6.8 | 14.1 | 1.3 6.8 6.7 1.8 0.3 0.3 1.2 3.3 9.7 34.0 2.8 6.9 39.5 40.1
13 79 | 164 | 1.2 6.2 7.7 1.8 0.2 0.3 0.7 3.0 11.5 33.9 2.5 7.9 409 | 41.6
14 8.6 | 17.8 | 1.2 6.2 8.7 1.9 0.2 0.3 0.7 3.0 12.5 35.4 2.6 8.6 43.2 44.0

Table 6.3: Systematic error contributions (in percent) for the differential cross
section measurement as a function of the leading b tagged jet transverse mo-
mentum in the sample Z+1b jet for the combined channels.
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6. Cross section measurement6.6. INTERPRETATION OF THE RESULTS

bin | data | bkg | eff | jec | jer | pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error
0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 6.1 | 14.7| 14 | 150 | 80 6.1 0.1 0.2 14.0 | 3.0 4.0 19.5 2.6 15.3 | 309 | 344
2 3.3 8.1 1.4 | 121 | 53 2.8 0.1 0.1 9.1 3.0 2.4 11.4 2.6 9.7 20.0 | 222
3 2.5 6.1 1.3 9.7 | 28 0.7 | 0.1 0.1 6.5 3.0 2.1 16.9 2.6 6.9 21.1 22.2
4 2.0 5.0 1.3 4.9 0.3 0.7 | 0.1 0.1 5.1 3.0 1.9 19.7 2.6 5.5 214 | 221
5 1.7 4.3 1.3 1.5 1.6 1.3 0.1 0.1 4.0 3.0 1.5 13.7 2.6 4.3 15.3 15.9
6 1.7 4.2 1.3 1.1 0.8 0.8 0.1 0.2 3.5 3.0 1.7 8.4 2.6 3.9 10.5 11.2
7 1.8 44 1.3 1.7 | 0.9 0.5 0.1 0.3 3.2 3.0 2.0 4.6 2.6 3.7 8.1 8.9
8 2.0 4.6 1.4 1.8 0.9 0.3 0.2 0.3 2.8 3.0 2.0 2.9 2.6 3.5 7.5 8.2
9 2.2 5.0 1.3 1.7 | 0.6 0.6 0.2 04 2.8 3.0 2.3 6.5 2.6 3.6 9.7 10.3
10 2.3 5.2 1.3 1.8 0.5 0.9 0.3 0.4 2.4 3.0 2.9 12.2 2.6 3.4 144 14.8
11 2.5 5.5 1.3 1.9 0.8 1.0 0.3 0.4 2.3 3.0 2.9 18.2 2.6 3.4 19.8 | 20.1
12 2.9 6.3 1.3 2.5 1.0 0.4 0.2 0.4 2.5 3.0 3.1 18.8 2.6 3.8 20.7 | 21.0
13 3.3 7.3 1.3 2.7 1.3 0.8 0.3 0.3 2.6 3.1 3.9 16.8 2.7 4.2 19.5 20.0
14 3.6 8.1 1.3 2.6 1.2 1.6 0.3 0.3 2.5 3.1 4.6 19.0 2.7 44 21.8 | 222
15 3.8 8.5 1.3 2.5 0.9 2.2 0.4 0.2 2.2 3.1 5.1 25.5 2.7 4.4 27.9 28.3
16 3.9 8.7 1.2 2.2 0.5 14 0.4 0.2 1.8 3.0 5.4 28.0 2.6 4.3 30.2 30.6
17 4.4 9.7 1.4 1.9 0.4 1.0 0.4 0.2 1.8 3.1 6.2 28.0 2.7 4.8 30.6 | 31.0
18 51 | 114 ] 14 2.0 0.8 0.6 0.5 0.1 2.2 2.9 7.6 23.8 2.5 5.5 279 | 285
19 6.6 | 150 | 1.3 2.6 0.9 2.2 0.6 0.1 3.0 3.1 9.2 22.6 2.6 7.2 29.2 30.1
20 91 | 21.1| 1.3 3.3 1.3 4.2 0.7 0.1 4.0 3.1 11.4 26.6 2.7 9.9 36.5 37.8
21 | 113 | 261 | 14 | 3.6 1.6 5.9 0.7 0.0 4.4 3.0 13.6 27.9 2.7 121 | 414 | 43.1
22 | 128 | 298 | 14 | 4.0 2.0 6.8 0.7 0.0 4.9 3.1 15.0 30.7 2.7 13.7 | 46.2 | 48.2

Table 6.4: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the Z boson transverse
momentum in the sample Z+1b jet for the combined channels.

bin | data | bkg | eff | jec | jer pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 1.7 4.4 1.4 2.7 1.1 0.3 0.1 0.1 6.1 3.0 1.3 24.2 2.6 6.3 25.1 25.9
2 2.1 5.1 1.3 1.1 1.0 0.9 0.2 0.1 3.8 3.0 2.1 17.8 2.6 4.4 19.2 19.7
3 2.2 5.2 1.3 5.0 0.9 0.2 0.4 0.1 3.4 3.0 2.3 8.1 2.6 4.1 11.8 12.5
4 24 5.4 1.3 5.9 2.2 0.3 0.3 0.3 3.2 3.0 2.5 2.3 2.6 4.0 9.9 10.7
5 2.6 5.6 1.4 4.7 1.5 0.4 0.3 0.4 3.0 3.0 2.8 12.5 2.6 4.0 154 15.9
6 2.7 5.9 1.3 4.1 1.5 0.8 0.3 0.6 2.6 3.0 3.0 22.5 2.6 3.8 24.3 24.6
7 3.1 6.4 1.3 6.0 1.6 1.4 0.3 0.7 2.6 3.0 3.5 27.5 2.6 4.0 29.5 29.8
8 34 7.0 1.4 7.5 1.6 2.0 0.3 0.8 2.6 3.0 4.1 30.8 2.6 4.3 33.1 33.3
9 3.6 7.4 1.4 7.9 1.6 1.8 0.3 0.9 2.6 3.0 4.5 32.6 2.6 4.5 35.0 35.3
10 4.3 8.5 1.4 6.3 3.0 0.8 0.2 1.0 2.5 3.0 5.3 31.9 2.6 5.1 34.4 34.8
11 6.2 | 125 | 1.2 4.4 4.5 0.8 0.2 1.1 2.7 3.0 7.5 32.4 2.6 6.9 36.3 37.0
12 85 | 176 | 1.3 3.9 7.1 2.2 0.1 1.0 2.3 3.3 10.8 37.9 2.9 8.9 44.2 45.1
13 9.6 | 199 | 1.2 3.5 7.2 2.8 0.1 1.1 24 3.1 12.1 34.2 2.7 9.9 42.5 43.6

Table 6.5: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the Hr variable in the
sample Z+1b jet for the combined channels.
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6. Cross section measurement6.6. INTERPRETATION OF THE RESULTS

bin | data | bkg | eff | jec | jer pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error

0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 6.2 | 13.8 | 1.3 5.8 2.3 1.6 0.4 0.7 5.8 3.0 6.2 11.9 2.6 8.5 20.8 | 224
2 4.3 9.5 1.3 5.1 2.8 1.2 0.2 0.6 6.0 3.1 3.6 13.1 2.7 74 18.2 19.6
3 4.3 9.4 1.4 5.1 3.1 1.3 0.1 0.6 6.3 3.0 3.9 12.8 2.6 7.6 17.9 19.5
4 4.2 9.2 1.5 4.3 0.9 0.5 0.2 0.6 6.3 2.9 4.2 9.0 2.5 7.6 14.9 16.7
5 3.9 8.6 1.4 | 4.0 2.0 0.7 | 0.3 0.6 6.0 2.9 3.8 11.5 2.5 7.2 16.1 17.6
6 3.3 7.2 1.3 4.4 1.9 14 0.4 0.6 4.6 3.0 3.1 23.0 2.6 5.8 25.1 25.8
7 3.1 6.6 1.3 4.1 1.0 1.2 0.3 0.6 4.4 3.0 3.2 21.7 2.6 5.4 23.7 | 243
8 2.8 6.2 14 | 36 14 0.4 0.2 0.5 4.2 2.9 3.5 16.1 2.5 5.1 18.5 19.2
9 2.3 5.1 14 | 34 1.1 0.8 0.3 0.4 3.5 3.0 24 22.5 2.6 4.2 239 | 24.3
10 1.9 44 1.3 2.9 0.9 1.1 0.2 0.2 3.4 3.0 2.0 20.0 2.6 3.9 21.2 21.6
11 1.6 3.8 1.3 2.5 0.6 0.5 0.2 0.1 3.6 3.0 1.7 10.4 2.6 3.9 12.2 12.8
12 1.2 3.1 1.3 0.5 0.6 0.5 0.1 0.1 44 3.0 1.2 8.3 2.6 4.6 9.9 10.9

13 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 6.6: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the A¢ between the Z
boson and the b tagged jet in the sample Z+41b jet for the combined channels.

bin | data | bkg | eff | jec | jer pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 12.2 | 159 | 1.4 | 12.7 | 49 1.3 0.3 1.5 0.0 6.0 14.5 21.4 2.6 12.3 | 34.0 36.1
3 7.6 9.1 1.3 6.4 1.8 1.1 0.7 24 0.0 6.0 8.4 1.5 2.6 7.9 15.7 17.6
4 6.8 7.7 1.3 6.5 0.9 0.9 0.7 2.8 0.0 6.0 7.7 9.6 2.6 7.4 17.2 18.8
5 6.9 7.8 1.3 7.3 1.7 1.6 0.7 3.5 0.0 6.0 7.6 1.8 2.6 7.7 15.0 16.9
6 6.6 7.8 1.3 6.6 2.1 1.8 0.5 3.3 0.0 6.1 7.3 8.0 2.6 7.4 16.6 18.1
7 7.0 8.3 1.3 6.9 1.6 1.8 0.4 2.7 0.0 6.0 6.5 4.7 2.6 7.5 15.2 17.0
8 85 | 105 | 1.3 8.7 2.8 2.3 0.3 1.5 0.0 6.0 11.4 3.7 2.6 8.6 19.7 21.5
9 129 | 156 | 1.2 | 13.3 | 5.3 2.2 0.1 1.0 0.0 6.0 20.7 18.3 2.6 13.0 | 35.5 37.8
10 | 176 | 20.7 | 1.2 | 180 | 6.8 2.3 0.1 0.7 0.0 5.8 29.0 30.3 2.5 176 | 51.1 54.0
11 | 206 | 25.7 | 1.2 | 240 | 7.5 2.2 0.0 0.6 0.0 6.8 36.3 44.0 3.0 20.6 | 67.9 70.9

Table 6.7: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the AR between the
two b tagged jets in the sample Z+2b jet for the combined channels.

bin | data | bkg | eff | jec | jer | pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 9.7 | 11.1 | 1.3 | 11.2 | 34 3.1 0.1 1.6 0.0 6.0 11.6 22.3 2.6 9.9 30.8 32.4
2 8.2 9.5 1.4 1103 | 24 2.3 0.1 1.6 0.0 6.1 10.1 21.0 2.6 8.3 28.2 29.4
3 6.9 8.1 1.4 9.1 1.4 1.0 0.2 1.7 0.0 6.2 8.6 17.6 2.7 7.1 24.2 25.2
4 6.4 7.5 1.3 6.7 1.2 0.5 0.3 1.9 0.0 6.0 7.6 13.7 2.6 6.7 19.8 20.9
5 6.6 7.7 1.4 6.1 1.6 1.1 0.5 2.3 0.0 6.1 7.3 12.0 2.6 7.0 18.6 19.8
6 6.9 7.9 1.3 5.8 2.0 1.7 0.6 2.7 0.0 6.0 8.1 9.9 2.6 7.4 17.7 19.2
7 6.7 7.7 1.4 6.2 1.7 2.1 0.7 3.0 0.0 6.0 7.2 10.8 2.6 7.3 17.8 19.3
8 6.7 7.6 1.3 74 1.5 2.0 0.7 34 0.0 6.0 6.9 7.5 2.6 7.5 16.4 18.0
9 6.5 7.5 1.4 8.1 1.1 1.6 0.7 3.5 0.0 6.0 6.2 3.7 2.6 7.4 15.0 16.7
10 6.2 7.3 1.4 8.1 0.9 2.1 0.7 3.4 0.0 6.0 5.8 3.8 2.6 7.0 14.7 16.3
11 6.7 8.3 1.4 6.6 1.3 24 0.7 3.3 0.0 5.9 7.2 14.6 2.6 74 20.7 22.0
12 8.8 | 11.0 | 1.3 5.3 2.2 2.1 0.6 2.9 0.0 6.0 9.2 20.2 2.6 9.3 26.4 28.0

13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 6.8: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the A¢ between the
two b tagged jets in the sample Z+2b jet for the combined channels.
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bin | data | bkg | eff | jec | jer | pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error

0 0.0 0.0 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 30.7 | 342 | 1.2 5.5 1.6 1.5 1.2 3.9 0.0 6.5 27.1 11.1 2.8 30.9 | 46.0 | 554
2 19.0 | 21.0 | 14 7.0 1.5 1.5 0.6 3.6 0.0 6.0 16.8 20.8 2.6 19.4 | 354 | 404
3 158 | 17.7 | 1.4 | 98 2.7 | 33 0.4 4.5 0.0 6.0 14.2 23.0 2.6 16.5 | 34.7 | 384
4 13.9 | 16.0 | 1.4 7.4 1.5 34 0.2 5.1 0.0 5.9 13.5 18.8 2.5 14.8 | 30.0 | 33.5
5 11.5 | 13.0 | 1.3 7.2 1.9 0.9 0.3 5.0 0.0 6.0 9.2 1.0 2.6 125 | 189 | 22.7
6 10.8 | 123 | 1.2 7.7 2.6 1.8 0.5 4.7 0.0 6.0 8.7 7.4 2.6 11.8 | 198 | 23.1
7 120 | 143 | 1.3 7.6 2.1 27 | 09 5.4 0.0 6.3 10.5 33.7 2.7 13.2 | 39.7 | 41.8
8 9.0 | 105 | 1.3 4.1 4.3 2.3 0.6 3.5 0.0 6.0 8.0 13.3 2.6 9.6 209 | 23.0
9 7.7 9.3 14 | 6.2 1.7 1.1 0.7 2.5 0.0 5.8 8.7 21.7 2.5 8.1 26.8 | 28.0
10 7.1 8.6 1.3 8.7 1.9 1.2 0.5 1.4 0.0 6.0 8.3 6.5 2.6 7.3 17.6 19.1
11 8.0 | 100 | 14 | 9.0 1.6 1.0 0.5 1.3 0.0 6.2 10.4 6.9 2.7 8.1 19.7 | 21.3
12 | 112 | 144 | 14 | 127 | 6.2 1.9 0.6 0.5 0.0 6.5 12.8 20.4 2.8 11.2 | 323 | 34.2
13 | 126 | 16.3 | 1.3 | 10.3 | 85 3.7 | 05 0.3 0.0 6.5 16.8 30.6 2.8 126 | 41.6 | 43.4
14 | 145 | 188 | 1.3 7.8 7.6 3.6 0.3 0.1 0.0 6.2 23.0 16.2 2.7 145 | 364 | 39.2
15 | 20.7 | 270 | 1.4 | 106 | 7.6 4.1 0.1 0.3 0.0 6.0 34.3 13.3 2.6 20.7 | 48.1 52.4
16 | 24.7 | 322 | 1.6 | 11.5 | 9.2 4.1 0.1 0.3 0.0 5.6 41.4 30.6 2.4 24.7 | 629 | 67.6

Table 6.9: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the AR between the Z
boson and the closest b tagged jet in the sample Z+2b jet for the combined
channels.

bin | data | bkg | eff | jec | jer pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error
0 725 | 811 1.6 | 181 | 14 | 33.0 | 04 16.3 0.0 18.3 48.8 109.9 7.9 74.3 | 151.2 | 168.5
1 478 | 51.8 | 1.3 7.7 0.9 9.2 0.2 10.5 0.0 6.9 43.4 42.7 3.0 48.9 | 81.2 94.8
2 382 | 411 | 14 7.9 0.5 6.9 0.5 9.7 0.0 8.1 31.3 52.9 3.5 39.4 75.2 84.9
3

4

22.1 | 241 | 1.3 7.7 | 0.8 0.5 0.9 7.4 0.0 7.2 20.9 46.0 3.1 23.3 | 57.1 61.6
13.6 | 147 | 1.4 | 9.0 1.5 2.6 0.9 5.5 0.0 6.3 14.0 11.4 2.7 14.6 | 26.1 29.9

5 10.7 | 12.0 | 1.3 7.2 0.3 0.5 0.7 3.9 0.0 6.1 12.5 10.7 2.6 114 | 226 | 253
6 8.8 | 104 | 1.3 8.1 1.0 1.6 0.8 3.2 0.0 6.1 10.1 11.1 2.6 9.3 21.2 23.1
7 92 | 108 | 14 5.3 5.0 3.6 0.4 3.0 0.0 6.0 9.8 7.2 2.6 9.7 194 | 21.7
8 7.8 9.3 1.4 | 6.9 2.1 0.6 0.3 1.6 0.0 5.9 9.0 15.9 2.6 8.0 22.7 | 241

9 12.8 | 16.9 | 1.3 9.8 | 10.0 | 5.2 0.7 1.5 0.0 7.5 15.3 39.2 3.3 12.9 | 485 50.2
10 | 13.1 | 16.0 | 1.3 9.1 | 10.0 | 3.0 0.9 1.3 0.0 7.5 12.9 51.9 3.3 13.1 | 58.1 59.6
11 | 121 | 144 | 1.3 7.2 7.6 1.0 0.4 0.9 0.0 6.2 17.3 15.9 2.7 12.2 | 303 | 32.7
12 | 133 | 158 | 1.2 | 106 | 6.3 3.8 0.1 0.8 0.0 6.3 18.2 20.6 2.7 13.3 | 35.0 | 374
13 | 151 | 189 | 1.3 | 132 | 84 1.4 0.2 0.2 0.0 6.9 23.9 53.6 3.0 15.1 | 64.0 | 65.8
14 | 275 | 46.7 | 1.6 | 23.1 | 7.9 8.1 0.3 0.8 0.0 8.4 34.7 132.1 3.6 27.5 | 146.9 | 149.5

Table 6.10: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the AR between the Z
boson and the further b tagged jet in the sample Z+2b jet for the combined
channels.
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bin | data | bkg | eff | jec | jer | pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total

stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 4.9 5.9 1.3 6.5 1.1 1.0 0.6 2.1 0.0 6.0 5.6 9.0 2.6 5.3 15.4 16.3
2 4.3 5.1 1.3 6.9 1.1 0.7 0.6 2.5 0.0 6.0 4.4 3.3 2.6 5.0 12.3 13.3
3 5.0 5.9 1.3 7.0 1.6 0.8 0.5 3.1 0.0 6.0 4.8 24 2.6 5.9 12.7 14.0
4 6.2 74 1.3 6.8 2.2 0.7 0.5 3.6 0.0 6.0 6.0 5.4 2.6 7.2 14.7 16.4
5 7.6 8.9 1.4 6.7 2.2 1.3 0.4 3.8 0.0 6.0 7.3 10.9 2.6 8.5 18.7 20.5
6 94 | 11.3 | 1.3 7.2 2.3 2.1 0.3 4.0 0.0 5.9 9.7 14.5 2.6 10.2 | 23.2 25.3
7 11.8 | 145 | 1.3 8.0 2.3 2.9 0.3 4.2 0.0 6.0 13.2 19.7 2.6 125 | 299 324
8 15.0 | 187 | 14 8.8 2.2 3.6 0.4 4.2 0.0 6.3 17.2 26.9 2.7 15.6 | 389 | 419
9 182 | 227 | 14 8.9 2.3 4.2 0.4 4.2 0.0 6.3 21.4 33.9 2.7 18.7 | 47.7 51.2
10 | 253 | 328 | 1.3 | 16.1 | 3.0 6.5 0.6 5.4 0.0 | 10.6 28.6 47.0 4.6 258 | 67.4 72.2
11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table 6.11: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the asymmetry between
the Z boson direction and the b tagged jet direction in the sample Z+42b jet
for the combined channels.

bin | data | bkg | eff | jec | jer pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error

0 218 | 275 | 1.3 | 174 | 94 4.0 0.0 0.0 0.0 6.7 21.9 24.1 2.7 21.8 | 47.7 52.5
1 13.8 | 17.7 | 14 | 124 | 5.1 1.7 0.1 0.7 0.0 6.0 13.6 14.3 2.6 13.8 | 30.5 33.5
2 7.9 9.5 1.2 8.1 34 1.6 1.4 1.4 0.0 6.2 7.8 15.3 2.7 8.0 22.7 24.0
3 74 8.6 1.3 6.6 3.2 1.2 1.3 2.1 0.0 6.0 8.4 4.2 2.6 7.7 16.2 17.9
4 8.3 9.9 1.3 9.8 2.9 2.3 0.3 3.0 0.0 6.0 9.2 11.3 2.6 8.9 21.6 23.3
5 10.8 | 12.7 | 1.3 6.6 7.4 2.8 0.1 4.6 0.0 6.0 14.1 31.6 2.6 11.8 | 38.9 40.6
6 9.9 | 11.0 | 1.3 7.2 2.9 2.1 0.1 4.2 0.0 6.0 10.4 5.4 2.6 10.8 19.2 22.0
7 10.1 | 11.1 | 1.2 6.9 2.3 14 0.1 3.5 0.0 6.0 10.7 15.2 2.6 10.7 | 23.8 26.1
8 119 | 134 | 1.3 8.5 3.6 3.1 0.1 3.4 0.0 6.0 11.9 6.6 2.6 124 | 225 25.6
9 154 | 181 | 1.2 | 142 | 83 6.0 0.2 3.9 0.0 6.0 15.8 23.6 2.7 15.8 | 38.5 41.7
10 | 225 | 252 | 1.1 | 245|189 | 75 0.6 5.4 0.0 6.9 25.8 52.8 3.1 23.1 71.8 75.4
11 | 258 | 27.7 | 1.0 | 10.2 | 6.9 3.6 0.0 4.9 0.0 5.8 24.8 31.3 2.6 26.3 | 50.7 57.1
12 | 31.3 | 346 | 1.2 | 26.7 | 2.5 3.5 0.0 4.1 0.0 7.0 28.6 51.8 3.0 31.5 74.1 80.5
13 | 349 | 394 | 1.4 | 408 | 2.6 3.2 0.0 3.9 0.0 9.1 33.6 69.9 3.9 35.2 | 96.6 | 102.8
14 | 306 | 333 | 1.2 | 309 | 2.7 2.7 0.4 3.7 0.0 6.1 30.4 46.0 2.5 30.9 71.9 78.2

Table 6.12: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the invariant mass of

the two b tagged jets in the sample Z+42b jet for the combined channels.

bin | data | bkg | eff | jec | jer | pu | bkg | ttbar | bfit | btag | unfold | unfold | lumi | total | total | total
stat | stat | syst | syst | syst | syst | syst | stat | stat | syst stat syst syst | stat | syst | error

0 254 1304 | 1.2 | 203 | 103 | 5.9 1.3 0.8 0.0 5.6 29.3 38.1 24 254 | 61.8 66.8

1 17.1 | 206 | 1.2 | 16.5 | 8.6 3.8 1.0 1.6 0.0 5.9 19.8 17.5 2.5 172 | 39.1 42.7

2 92 | 105 | 1.3 | 11.7 | 7.8 0.3 0.6 2.8 0.0 6.0 9.6 16.4 2.6 9.6 26.7 28.4

3 9.2 | 103 | 14 9.8 2.5 1.6 0.5 3.5 0.0 5.9 10.0 12.2 2.6 9.8 22.4 24.5

4 93 | 105 | 1.3 | 132 | 3.6 1.4 0.5 3.8 0.0 6.3 10.4 19.0 2.7 10.0 | 28.6 30.3

5 10.1 | 11.7 | 1.3 7.5 4.7 1.3 0.5 4.1 0.0 6.3 10.8 18.5 2.7 10.9 | 26.9 29.0

6 120 | 142 | 1.5 34 3.2 2.1 0.5 3.8 0.0 5.8 12.2 16.8 2.5 12.6 | 26.5 29.3

7 13.6 | 16.7 | 1.5 8.2 3.3 1.1 0.4 3.1 0.0 5.8 14.0 41.1 2.5 13.9 | 47.8 | 49.8

8 172 | 212 | 14 | 147 | 41 1.4 0.2 2.9 0.0 5.7 14.8 55.6 2.5 174 | 63.6 65.9

9 17.0 | 21.3 | 1.3 | 156 | 9.3 5.1 0.2 2.6 0.0 6.4 14.8 39.2 2.7 172 | 51.2 54.0

10 | 140 | 175 | 1.3 | 10.1 | 9.3 4.2 0.3 1.9 0.0 6.8 16.5 12.1 3.0 14.1 31.4 34.4
11 | 172 | 203 | 1.3 5.3 7.2 1.7 0.7 2.1 0.0 6.1 19.9 9.5 2.6 173 | 32.0 36.4
12 | 25.7 | 306 | 1.4 | 140 | 11.1 | 1.6 14 24 0.0 8.0 30.4 36.0 3.5 25.8 | 59.7 65.0
13 | 283 | 336 | 1.3 | 145 | 10.7 | 1.7 1.2 2.3 0.0 6.7 33.4 33.3 2.9 284 | 61.1 67.4

Table 6.13: Statistical and systematic error contributions (in percent) for the
differential cross section measurement as a function of the invariant mass of
the system with the Z boson the two b tagged jets in the sample Z+2b jet for
the combined channels.
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