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Search for resonances in b-jets final states with the CDF II and the LHCb
experiments

by Emanuele MICHIELIN

This thesis describes the search for resonances decaying into a pair of b-jets per-
formed with the datasets collected by the CDF II experiment at the Tevatron and the
LHCb at the LHC. The unique characteristics of these particle detectors, which are
highlighted through the thesis with a constant comparison between the two exper-
iments, give the opportunity to search also in the low dijet invariant mass region,
unaccessible to the other general purpose detectors at the LHC.

A dataset corresponding to 5.4 fb ! of data collected at CDF IT is used to measure
the cross section of the inclusive Z — bb process, which turns out to be in agreement
with the theory prediction, together with the data-simulation energy scale factor for
b-jets. With the same event selection and background modeling then, the limit on
inclusive H — bb process is set.

At this point, the study on inclusive H — bb channel is extended with a sen-
sitivity study by using 1.6 fb~! of data collected in 2016 at the LHCb. The future
prospects for this search are reported.

Finally, the search for a beyond Standard Model Higgs-like particle produced in
association with b-jets and decaying into a pair of b-jets, with the CDF II dataset, is
described. No evidence of its production has been seen in the data, hence is set a
95% Confidence Level upper limit on its production cross section as a function of
the particle invariant mass in the range from 100 to 300 GeV/c?.
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Introduction

The discovery of a new scalar particle consistent with the Higgs boson, performed
by the ATLAS and CMS experiments [1, 2] at the LHC, has completed the particle
zoology of the Standard Model. But there are still many open questions in the par-
ticle Fccs which answers implied the introduction of new physics phenomena. The
dark matter, the matter-antimatter asymmetry, the naturalness of the hierarchy of
mass scales, the neutrino masses are just some of the puzzles that LHC is trying
to address [3]. So far, however, there are no clear indications about the theoretical
solutions to these problems, nor the experimental strategies to resolve them.

The reconstruction and identification of the spray of particles produced in the
fragmentation of a quark or a gluon, the so called jet, and the consequent search
for resonances decaying into a pair of jets, gives access to one of the most important
channel for the direct search of new physics phenomena. In particular, the possibility
to identify and to select b quark initiated jets, the b-jets, allows to increase the signal
significance for resonances with a strong coupling to b quarks, such as the Higgs
boson.

The main difficulty for these searches arises from the overwhelming background
coming from the production of jets from quantum chromodynamics processes. At
LHC, the production of jets is so copious that the inclusive searches for resonances
decaying to b-jets at the general purpose experiments can look for enhancement in
the dijet mass up to 5 TeV/c?, but at low masses (< 500 GeV/c?) these searches are
limited by the high rate of the jet triggers. Recently, some analyses have started
investigating also the region below 500 GeV/c? by exploiting events where the two
jets coming from the resonance are produced in the boosted regime and they merge
in a single fat jet [4].

In this thesis a search for resonances within and beyond the Standard Model,
decaying into a bb pair in the low invariant mass region is described. The datasets
analyzed have been collected at two experimental facilities: the CDF II at the Teva-
tron and the LHCDb at the LHC. The CDF II detector stopped taking data in late 2011,
after an incredibly successful campaign lasted more than 20 years. LHCb instead
has just began its data taking, considering that is has just collected about 5 fb! of
the 300 fb~! planned. The two have been originally designed for different goals,
CDF Il is a central general purpose detector while LHCD is a detector specialized for
the study of the flavour physics in the forward region. But through all the thesis,
the two detectors are compared, showing that the common peculiarities of the two
experiments can be exploited. The technologies and the knowledge developed at
CDF I, reoptimized and improved can enhanced the physics reach of LHCb, which
can profit from a more performing detector and accelerator complex, giving access
to a complementary physics to the other LHC experiments ATLAS and CMS.

In particular, the ability to reconstruct secondary vertices at the trigger level, sig-
nature of the production of a b hadron inside the jet, was developed for the first time
at a hadron collider at CDF II and this gave the opportunity to collect a dataset pure
in b-jets keeping low the energy threshold for the jets. At LHC, LHCb has recently
developed a jet reconstruction and a heavy flavour tagging algorithms. LHCb is
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unique at LHC because it can profit from a leveled luminosity, which leads to less
background due to low pile up, and from a very flexible and performing trigger
system. Since Run II, new trigger lines for the on-line reconstruction and identifica-
tion of heavy flavour jets have been implemented with low jet energy threshold. For
these reasons, LHCb is the perfect experiment at the LHC for the search of resonance
decaying into heavy quarks in the low invariant mass region. In Chapter 2, the CDF
IT and the LHCb detectors are described. In Chapter 3 the b-jet on-line and off-line
reconstruction and identification algorithms for the two detectors are described and
compared.

Chapter 4 reports the challenging measurement of the Z — bb cross section at
CDF II, which is fundamental to validate the b-jet reconstruction techniques and the
whole analysis procedure. The same decay channel has also been studied at LHCb,
and a summary of this analysis is also presented. Chapter 5 describes the limit to
the Standard Model inclusive H — bb process evaluated both with the CDF and the
LHCb datasets. The inclusive mode can be sensitive to any beyond Standard Model
phenomena. At the end of the chapter, the future prospects for this analysis at LHCb
is reported.

Finally, the search for a Higgs-like particle, decaying into a bb pair and produced
in association with b-quarks at CDF Il is described. Many extensions of the Standard
Model foreseen new scalar particles with strong coupling to the b quarks, and this
search is of particular interested because of a previous Tevatron combined result
which reports a deviation at the level of 20 from the Standard Model expectations in
the 100 — 150 GeV/c? invariant mass range [5].



Chapter 1

The Standard Model of Particle
Physics

The Standard Model (SM) of particle physics is a theory which incorporates both
quantum mechanics and Einstein’s theory of special relativity in the attempt to de-
scribe the fundamental particles and their interactions. This is a model based on
symmetries. As the Noether’s theorem states [6], if an action is invariant under
some group of transformations (symmetry), then there exist one or more conserved
quantities (constants of motion) which are associated to these transformations. In
this sense, Noether’s theorem establishes that symmetries imply conservation laws.

The gauge principle invented by Salam and Ward [7] generalizes this idea: by im-
posing to a given Lagrangian the invariance under a certain symmetry; it is possible
to determine the form of the interaction among the particles.

The Standard Model has been built based on this principle, it is a gauge the-
ory based on the local gauge symmetry of the fundamental interactions in particle
physics:

SU(S)C X SU(2)L X U(l)y. (11)

The C'is a reminder that SU(3) represents the symmetry group of the colored strong
interactions of quantum chromodynamics (QCD). The L indicates that the SU(2)
group applied to left-handed weak isospin doublets and the Y is a reminder that the
U(1) group contains the weak hypercharge singlets. Together, the SU(2);, x U(1)y
groups describe the unified electroweak force.

The search for resonances decaying into b quarks gives the possibility both to
explore and test the prediction of the Standard Model and to search for new par-
ticles manifestation of a new theory. This chapter first briefly describes the model
behind the Z and the Higgs bosons, the Electroweak theory, together with the mo-
tivations for a new physics beyond the Standard Model. The physics environment
which characterizes the hadron colliders, dominated by the quantum chromody-
namics interactions where the resonances are produced in the hard interaction be-
tween proton-antiproton or proton-proton, is then described. Finally, a brief review
on the measurements performed of the properties of the Z and Higgs boson is re-
ported.

1.1 Electroweak theory

The Electroweak (EW) theory [8, 9, 10] unifies the electromagnetic and the weak
interactions as a manifestation of the same force. It is based on the SU(2);, x U(1)y

gauge group.
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The electroweak Lagrangian is given by:
1 o
L= —ZW(Q“’W/Z, — B"' B, +Yin" Dy (1.2)
where ¢ are the fermion spinors, D,, is the gauge covariant derivative:
1
Dy =0y +igW,T" + iig’B#Y, (1.3)

with T' the weak isospin operator, g and ¢’ are two different electroweak coupling
constants and B,,,, similar to the electromagnetic field tensor, is given by:

By, = 8,B, — 0,B, (1.4)

where B, is the massless gauge field representing the singlet of U(1)y . W, are the
gauge fields of SU(2) and W, with a = 1,2, 3, the field tensor which is defined as

W, = 0,Wy — 9, W + ge™™ W)W, (1.5)

Experimentally the weak interaction is characterized by a short range, therefore
its carriers must have mass. Moreover, the SU(2);, x U(1)y symmetry does not al-
low to introduce mass terms for quarks and leptons in a simple way. The problem
of the masses in the SM is overcome by means of a electroweak symmetry breaking
(EWSB) mechanism [11], which provides a general framework to keep untouched
the structure of these gauge interactions at high energies and still generate the ob-
served masses of the W and Z gauge bosons. The masses of all fermions are also
a consequence of EWSB since the Higgs doublet couples to the fermions through
Yukawa interactions.

1.1.1 The electroweak symmetry breaking

In the Standard Model the electroweak symmetry breaking is achieved adding a new
term to the Lagrangian:
Ly = (D,®) D'd — V(D) (1.6)

where the Higgs field ® is a self-interacting SU(2) complex doublet (four real de-
grees of freedom) with weak hypercharge Y = 1:

v= ¢1§ (eé@;o) 47

where ¢° and a° are the CP-even and CP-odd neutral components, and ¢* is the
complex charged component of the Higgs doublet. V(®) is the scalar potential,

V(®) = 12®T® 4+ A(®TD)2, (1.8)

with p and ) real constants. V(@) is the most general renormalizable scalar potential
and for * < 0 and X > 0 the “mexican hat” potential is obtained: it is characterized
by having a continuum set of field configurations minimizing the energy of the sys-
tem, see Figure 1.1. With this potential the neutral component of the scalar doublet
acquires a non-zero vacuum expectation value (VEV) v ~ (v2G p)‘% ~ 246 GeV,
derived from the Fermi constant G measured in muon decays [12]:

(®) = \}5 (2) : (1.9)
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FIGURE 1.1: Shape of the Higgs potential for ;1 < 0.

with ¢ = H+(¢") and (¢") = v, inducing the spontaneous breaking of the SM gauge
symmetry SU(3)c x SU(2)r, x U(1)y into SU(3)c X U(1)em. The spontaneous sym-
metry breaking implies that there is a symmetry of the system (Lagrangian) that is
not respected by the ground state. The Higgs field permeates the entire universe and
through its self-interactions can cause spontaneous electroweak symmetry breaking
in the vacuum.

The Higgs field couples to the W, and B,, gauge fields associated with the SU(2), x
U(1)y local symmetry through the covariant derivative appearing in the kinetic term
of the Equation 1.6, where D), is the covariant derivative defined in Equation 1.3. As
aresult, the neutral and the two charged massless Goldstone degrees of freedom mix
with the gauge fields corresponding to the broken generators of SU(2)7, x U(1)y and
become the longitudinal components of the Z and W physical gauge bosons, respec-
tively. The Z and W gauge bosons acquire masses,

(9" + g*)v?

My = (1.10)

2,2
The fourth generator remains unbroken since it is the one associated to the conserved
U(1)em gauge symmetry, and its corresponding gauge field, the photon, remains
massless. Therefore, from the initial four degrees of freedom of the Higgs field, two
are absorbed by the W+ gauge bosons, one by the Z gauge boson, and there is one
remaining degree of freedom, H, that is the physical Higgs boson.

This SM Higgs boson then is a CP-even scalar of spin 0, which mass is given by

M? = 2202 (1.11)

where ) is the self coupling parameter in V' (®) of Equation 1.8. This quartic coupling
A is a free parameter in the Standard Model, and hence, there is no a priori prediction
for the Higgs mass that has to be determined experimentally.

The Higgs boson couplings to the fundamental particles are set by their masses.
Therefore, the interaction is very weak for light particles, such as up and down
quarks, and electrons, but strong for heavy particles such as the W and Z bosons
and the top quark. More precisely, the SM Higgs couplings to fundamental fermions
are linearly proportional to the fermion masses, whereas the couplings to bosons are
proportional to the square of the boson masses.

As a result, the dominant mechanisms for Higgs boson production and decay
involve the coupling of H to W, Z and/or the third generation quarks and leptons.
This is the reason why the bb decay mode studied in this thesis, for a 125 GeV/c?
Higgs, is the one with the higher branching fraction. The Higgs boson coupling to
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photons is generated via loops, where the one-loop graph with a virtual WW~
pair provides the dominant contribution and the one involving a virtual t¢ pair is
subdominant.

1.1.2 Is the Standard Model the end of the story?

With the discovery of the Higgs boson [1, 2], it has been experimentally established
that the Standard Model is based on a gauge theory that could a priori be consis-
tently extrapolated to the Planck scale (Mp ~ 10 GeV). The Higgs boson must
have couplings to W/Z gauge bosons and fermions precisely as those in the SM to
maintain the consistency of the theory at high energies, hence, formally there is no
need for new physics at the EW scale. However, as the SM Higgs boson is a scalar
particle, and therefore without a symmetry to protect its mass, it has sensitivity to
the physics in the ultraviolet. Quite generally, the Higgs mass parameter m may be
affected by the presence of heavy particles. The running of the mass parameter from
the scale s to the scale () reads

m(Q*) = m®(u) + om?, (1.12)
with: 22 )
om? = a1 5 M 10g( L) .13

where the sum is over all particles and g; and S; correspond to the number of de-
grees of freedom and the spin of the particle i. This means that light scalars like the
Higgs boson cannot naturally survive in the presence of heavy states at the grand-
unification, string or Planck scales. This is known as the hierarchy problem [13].

Besides the hierarchy problem, there are a different experimental observations
that lead to the conclusion that the Standard Model cannot be a complete theory.
For instance, the observation of the flavor oscillation of the neutrinos observed by
the neutrino experiments is the evidence for a non-zero neutrino mass, which is not
expected in the SM; the baryonic asymmetry, i.e. the imbalance of matter (baryons)
and antimatter (antibaryons) in the observed universe, cannot be described within
the SM; cosmological measurements show that the Universe is mostly made of com-
ponents that are not described by this model, called Dark Matter and Dark Energy.

Different models have been developed to solve these problems, and many of
these foreseen new particles with a strong coupling to the third quark generation.
This is the reason why the search for new resonance decaying into bb pair is so im-
portant and, in the searched presented in Chapter 6, is let model independent. How-
ever, the more popular class of models which tries to address all these problems is
based on a new fermion-boson symmetry in nature called supersymmetry [14, 15].

This is a weakly coupled approach to EWSB, and in this case, the Higgs boson
remains elementary and the corrections to its mass are screened at the scale at which
SUSY is broken and remain insensitive to the details of the physics at higher scales.
These theories predict at least three neutral Higgs particles and a pair of charged
Higgs particles [16]. One of the neutral Higgs bosons, most often the lightest CP-
even Higgs, has properties that resemble those of the SM Higgs boson. Under certain
hypotheses on some parameters of the model (m, tan ), the couplings of the new
neutral Higgs boson to bottom quarks are enhanced.
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1.2 Physics at hadron colliders

The searches carry out in this thesis use the data collected at two hadron colliders:
the Tevatron and the LHC, where proton-antiproton and proton-proton are collided
at high energies. In these collisions, the interactions that occur between the “par-
tons” of the hadrons are described by the Quantum Chromodynamics theory. Also
the final state that is used to reconstruct the resonances, the jets, as well as the main
background for the analyses, are pure manifestations of Quantum Chromodynamics
processes.

The Quantum Chromodynamics (QCD) is a non-Abelian gauge theory based
on the gauge group SU(3) and it is the part of the Standard Model that describes
the strong interactions binding quarks in hadrons. Quarks are the elementary con-
stituents of the hadronic matter, and they are the only SM elementary particles which
experience the strong force. All observed hadrons are either mesons (quark-anti-
quark bound states) or baryons (bound states of three quarks).

The QCD Lagrangian can be written as:

. 1 .
L= (Dl = mydiy)v] — 1 Fi FY (1.14)
q

where the quark (anti-quark) fields are denoted by v (¥Y) indexed according to the
color with 7 or j and flavor g, m, is the mass of the quark which is a free parameter
of the theory, 7* is the Dirac matrix which expresses the vector nature of the strong
interaction, F* is the gluon field strength tensor for a gluon with color index a, and
Dj; is the so-called covariant derivative,

DZ = 0,0i; + igst?jAg (1.15)

where g, is the strong coupling constant, A5 the gluon field with color index a and
t7; the generators of SU(3).

The coupling constant of QCD (c) can be defined from the strong coupling con-
stant gs; by g2 = 4mas. Since gluons carry color charge, besides fermionic (quark)
loops, gluonic loops are also present. Calculations beyond the tree level, involving
gluon and quark internal loops, diverge logarithmically with coefficients of oppo-
site sign. To handle such divergences a renormalization procedure is necessary and
a renormalization scale p, related to the momentum transfer () in a given process,
is introduced. As a consequence the strong coupling constant «; becomes a func-
tion of the scale of the process i.e., a running constant, and it is defined, at one-loop
approximation, by the equation:

127 1

2\ _
as(@7) = 55— 27 log (VD) (1.16)

where A ~ 0.1 GeV indicates the lower energy limit at which SM should be consid-
ered valid (as approximation of more extended theories) and n; is the number of
quark flavors whose mass is greater than the Q2 of interest [17].

1.2.1 Asymptotic freedom and confinement

The running constant for the strong interactions, as shown in Figure 1.2, is significant
atlow Q? and decreases as Q? increases. This property, whereby the strong coupling
becomes small for “hard” (i.e., high-momentum transferred processes) processes, is
known as asymptotic freedom whereas the increase of the strong coupling constant
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FIGURE 1.2: Summary of measurements of « as a function of the en-
ergy scale @, in which the reference scale is chosen to be Q% = M2 [12].

with decreasing momentum transfer (i.e., increasing distance), is referred to as “con-
finement”. This behavior is also demonstrated by Eq. 1.16 for Q — oo and Q — .

As a result this confining propriety, with the exception of the top quark which
decays before it has time to hadronize, free quarks are not observed since they
hadronized on a time scale ~ 1/Agcp. This implies that only colorless (color-singlet)
hadronic states can be observed in nature. The low-energy regime is described by
lattice gauge theories which provides a way to compute the hadron mass spectrum
directly from the QCD Lagrangian [18]. On the other hand, as a consequence of the
asymptotic freedom, the perturbation approach becomes applicable for high mo-
mentum transfers, where the coupling is weak.

1.2.2 QCD in hadronic collisions

The use of perturbation theory in QCD calculations is made possible by the feature
of asymptotic freedom. If a process involves a large momentum transfer, then the
running coupling constant ;s may be small enough to justify the use of perturbative
techniques. When pQCD can be applied, the factorization theorem states that the
cross section of any QCD process can be written as the convolution of basic building
blocks such as the quark and gluon distributions in the incoming hadrons, the hard
subprocesses describing the large-angle scattering of partons (almost free collinear
point-like particles moving in the same direction of the hadron and sharing its mo-
mentum), and the fragmentation functions of quarks and gluons into hadrons. This
means that any QCD process can be written as the convolution of its high-energy
(perturbative QCD) and low-energy (non-perturbative QCD) components [19].

At an hadron collider, where the momentum transfers is very high, the interac-
tion between the hadrons is modeled with the parton model. The model describes
the fast moving hadrons as a beam of almost free collinear point-like particles named
partons moving in the same direction of the hadron and sharing its momentum so
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FIGURE 1.3: Representation of a high-energy hadron collision.
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that the fraction of the hadron momentum (p) carried by the parton i is:

Di = T;D, (1.17)

where z; represents the fraction of the hadron momentum carried by the parton.
In this framework, the cross section for the production of X in a proton-antiproton
interaction at high energy in a hadron collider can be then described as:

1 —
opp — X(s) = Z/o drydzs ff (1, pr) 5 (22, pF)oij—x (21, 22, 5, as(pr)).  (1.18)
ij

where 0;;_, x is the partonic hard scattering and ff (21, pr) are the parton distribu-
tions functions (PDFs) which are the probability densities to find a parton ¢ with
fractional momentum z; in the proton (or antiproton). The factorization scale yf is
the value that distinguishes between the two phases, where the perturbative QCD
and where the non-perturbative QCD are applied. The same goes in a proton-proton
collision.

Figure 1.3 represents how an high energy hadron collision is simulated in the
SHERPA [20] Monte Carlo event generator. We can exploit this picture to visualize
the different stages of an event in a hadron collider. Matrix element generators sim-
ulate the hard part of scattering, shown in red. This stage can be described with per-
turbative QCD calculations using Feynman diagrams, here the electroweak bosons
or the eventual beyond Standard Model particle are produced. The complexity and
the number of the diagrams increases rapidly with the number of particles involved.

As the transverse momenta of the shower become smaller and the running cou-
pling constant becomes stronger a progressively larger number of diagrams are in-
volved and the perturbative calculations become unreliable. Moreover, fixed order
predictions diverge for soft gluon emission and collinear splitting. This stage is de-
scribed using a approximate description of the QCD dynamics, the parton shower
(PS), and is represented in Figure 1.3 in blue.

The particles in the showers have in average a momentum transfer-square lower
then 1 GeV?, which means that the physics involved is non perturbative and per-
tains to hadronization, also called fragmentation (represented in green in Figure 1.3).
At this stage the partons group into high-mass color-neutral states which subse-
quently decay into the final-state particles. The tight cone of particles created by the
hadronization of a single quark or gluon is called a jet. In particle detectors, jets are
observed rather than quarks, whose properties must be inferred. The hadronization
is considered a local process, thus the observable hadrons in the final state carry the
kinematic and flavor informations of the original partons.

The purple, bottom part of Figure 1.3 shows the secondary interactions between
the partons not involved in the primary interaction. They are not negligible and
their contribution to the final state of the hard scattering process is known as the
underlying event (UE).

Multijet backgrounds

The main background for the searches described in this thesis is the multijet pro-
duction of heavy flavour, which arises from a large number of production mecha-
nisms [82] for which the rates are not precisely known.

The heavy quark production can be categorized into three types of processes:
flavor creation, flavor excitation and gluon splitting. Figure 1.4 shows the Feynman
diagrams concerning these processes for the b quarks production.
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FIGURE 1.4: Main Feynman diagrams of the physics processes that
contribute to the bottom production.

Flavor creation, q¢ — bb + X, refers to the lowest-order QCD bb production di-
agrams. This process includes bb production through ¢¢ annihilation and gluon fu-
sion, plus higher-order corrections to these processes. Because this production is
dominated by two-body final states, it tends to yield bb pairs that are back-to-back
in A¢ and balanced in pr.

Flavor excitation, bg — bq + X, refers to diagrams in which a bb pair from the
quark sea of the proton or antiproton is excited into the final state because one of the
quarks from the bb pair undergoes a hard QCD interaction with a parton from the
other beam particle. Because only one of the quarks in the bb pair undergoes the hard
scatter, this production mechanism tends to produce b quarks with asymmetric pr.
Often, one of the b quarks will be produced with high rapidity and not be detected
in the central region of the detector.

Gluon splitting, ¢g — gg + X followed by g — bb, refers to diagrams where the
bb pair arises from a gluon splitting in the initial or final state. Neither of the quarks
from the bb pair participate in the hard QCD scatter. Depending on the experimental
range of b quark pr sensitivity, gluon splitting production can yield a bb distribution
with a peak at small A¢.

1.3 Experimental results on the Z boson

With its direct observation at UA1 and UA2 experiment at CERN in 1983 as a few
resonant events in the dielectron and dimuon mass spectrum [21], detailed studies
of the Z properties began. Thanks to the measurements performed at eTe™ collid-
ers LEP and SLC, the Z boson properties and the underlying electroweak theory are
known and tested to a precision below the per-mil level [12]. Among these, the over-
all ete™ production cross-section, the Z line-shape and width, the number of neu-
trino families, and the forward-backward asymmetries of the leptons and quarks.
The fit of the LEP and SLC data gave as results:

my = 91187.5 + 2.1 MeV/c? (1.19)

Ay = 2495.2 + 2.3 MeV/c? (1.20)
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sinf.fy = 0.23147 £ 0.00016, (1.21)

where sin s is obtained from the sin 0y including the effect of radiative correc-
tions.

Although the SLD experiment at the SLC collected much lower statistics, it was
able to match the precision of LEP experiments in determining the effective elec-
troweak mixing angle and in particular the rates of Z decay to b- and c-quarks, ow-
ing to availability of polarized electron beams, small beam size, and stable beam
spot.

SLD measured the parity-violating parameter A, by analyzing the left-right (back-
forward) asymmetry of b quarks in ete™ — Z — bb events with different analysis
techniques. Similarly was studied the asymmetry parameter A, from Z — cc de-
cay. From data collected from 1993 to 1995, in a sample of 150000 Z the asymmetry
measurement gave:

Ay, = 0.910 + 0.068(stat) + 0.037(syst) (1.22)

A. = 0.642 4 0.110(stat) + 0.063(syst). (1.23)

Figure 1.5 shows the electroweak observables related to the Z and W bosons
that were precisely measured at LEP and SLC compared with the Standard Model
predictions. The agreement with the Standard Model expectations is good for each
observable, the only tension is the longstanding puzzle of the bb forward-backward
asymmetry A% 5.

Measurements of the Z boson at the hadron colliders cannot compete with the
precision measurements performed at the e*e™ colliders, but the extraction of the
Z cross section at different energies gives a strong complementary test of the elec-
troweak theory. Efforts are ongoing also for a precise measurement of the sin fyy.
The Z decay to muon is very clean and it is also used to perform many studies on
the performances of the detector, such as the trigger efficiency and muon momentum
scale and resolution. The decay to quarks, and in particular to b quarks, provides a
standard candle for searches in final states with a bb pair.

The decay to b quarks in addition, gives access to the forward-background asym-
metry parameter A% 5. In case of a high statistic sample, this measurement would
be of the primary interest also at a hadron collider because, being the Z-pole in the
signal region for the bb asymmetry, there is the opportunity to be sensitive to a sig-
nificant interference effect between New Physics and tree level Z exchange [22].

1.4 Experimental results on the Higgs boson

The Higgs boson is produced in the high energy collisions at the hadron colliders.
The main production mechanisms at the Tevatron collider and the LHC are gluon
fusion, weak-boson fusion, associated production with a gauge boson and associ-
ated production with a pair of top/antitop quarks. Figure 1.6 shows the Feynman
diagrams for these Higgs production processes.

¢ Gluon fusion gg — H + X is the main production mechanism at hadron col-
liders and it is mediated by the exchange of a virtual, heavy top quark. Con-
tributions from lighter quarks propagating in the loop are suppressed propor-
tional to m?. Including the full dependence on the (top, bottom, charm) quark
and Higgs boson masses, the cross section has been calculated at the next-to-
leading order (NLO) in a [23].
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FIGURE 1.6: Feynman diagrams for the main Higgs production mech-
anisms: gluon fusion (a), vector-boson fusion (b), Higgs-strahlung
and associated production with top quarks (c).

TABLE 1.1: Different mechanisms production cross section of the
Higgs boson at the Tevatron and LHC.

Vs (TeV) Production cross sections in pb
ggF VBF WH ZH ttH  Total
196 09517 0.06575% 0.1378%  0.079t5%  0.004715% 123
7 15.3110%  1.2472% 05813 034710 0.09%8% 175
8 19.5719% 16072 07073 042730 013%8% 223
13 441TE 378720 137T3E 08873 05170 50.6
14 49.7TE 428T3% 151728 0.99%3%  0.6170%  57.1

e Vector boson fusion (VBF), ¢¢' — ¢q¢' H, is the production mode with the second-
largest cross section at the LHC. At the Tevatron collider, VBF also occurred,
but for my = 125 GeV/c? had a smaller cross section than Higgs production
in association with a W or Z boson. Higgs production via VBF, proceeds by
the scattering of two (anti-)quarks, mediated by t- or u-channel exchange of a
W or Z boson, with the Higgs boson radiated off the weak-boson propagator.
The scattered quarks give rise to two hard jets in the forward and backward
regions of the detector.

¢ The next most relevant Higgs boson production mechanisms after gluon fu-
sion and VBF at the LHC, and the most relevant ones after gluon fusion at
the Tevatron collider, are associated production with W and Z gauge bosons
qq - VH+ X.

* Higgs radiation off top quarks, gg — t¢H, can provide important information
on the the top-Higgs Yukawa coupling and gives access to the Higgs decay
into bottom quarks.

Table 1.1 gives a summary of the production cross section of the Higgs boson
at the Tevatron in pp collision, and for different LHC center of mass energies in pp

collisions.
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FIGURE 1.7: CMS and ATLAS mass measurements in the vy and ZZ
channels, the combined result from each experiment and their com-
bination.

1.4.1 Measurements in the Higgs boson sector

Given the low measured mass of the Higgs, which leads to a natural width of only
a few MeV, five decay channels play an important role at the LHC. The sensitivity
of a search channel depends on the production cross section of the Higgs boson, its
decay branching fraction, reconstructed mass resolution, selection efficiency and the
level of background in the final state. The H — yyand H — ZZ — 4l channels,
all final state particles can be very precisely measured and the reconstructed mpy
resolution is excellent. While the H — W+W~ — [*yl'~ 1y channel has relatively
large branching fraction, the my resolution is poor due to the presence of neutrinos.
The H — bband the H — 777~ channels have large branching ratio, but they suffer
from large backgrounds and a poor mass resolution.

In the vy channel, using the full Run 1 LHC dataset, ATLAS observes [24] an
excess over background with a local significance of 5.20, while CMS observes [25] its
largest excess with a local significance of 5.70. Inthe H — ZZ — 4l channel the CMS
experiment observes[26] its largest excess with an observed local significance of 6.8¢,
while ATLAS observes [27] an excess with a local significance of 8.10. A combined
measurement of the Higgs mass has been performed by the two experiments, which
rely on the two high mass resolution and sensitive channels, 7y and ZZ. Figure 1.7
shows the different measurements [28], which combined lead to a mass of:

my = 125.09 + 0.21(stat.) £ 0.11(syst.) GeV/c? (1.24)

In 2015 the LHC Run 2 has started, with an increase in the center of mass energy
from 8 to 13 TeV. The first measurements performed by CMS and ATLAS in the
vy and ZZ channels have been released [29, 30, 31, 32], Figure 1.8 shows the CMS
77y and the ATLAS ZZ invariant mass spectrum, with the clear Higgs peak around
125 GeV/c? in both channels. Using the new data a new, more precise, measurement
of the Higgs mass will be performed.

The best channel for probing the coupling of the Higgs field to the quarks and
leptons are H — bb and H — 7177, respectively. For a Higgs boson with mpy =
125 GeV/c?, the branching fraction to bb is about 57% and to 77~ is about 6%. Nev-
ertheless, the presence of very large backgrounds makes the isolation of a Higgs
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FIGURE 1.8: Invariant mass spectrum in the CMS H — 7 (a) and
ATLAS ZZ — 4l (b) analysis channels. The Higgs peak is visible
around 125 GeV in both channels.

boson signal in these channels quite challenging. With Run 1 data, for H produced
associated with a W or Z boson, with H decaying to a bb pair, the significance ob-
served by ATLAS is 1.40 [33], while for CMS itis 2.1 [34], the combined significance
being 2.60 [35]. In the search for the 777~ channel, ATLAS published a signal sig-
nificance of 4.5¢0 [36] and CMS found a signal significance of 3.2¢ [37].

Using the available Run 2 data, ATLAS announced a first evidence of the H — bb
decay in the V H channel, with a reported significance of 3.5¢0 [38]. CMS instead, re-
ported the observation of the H — 717~ with a significance of 4.90 [39], which rises
to 5.90 when combined with CMS Runl analysis. Figure 1.9 shows the invariant
mass distribution of the bb di-jet in the ATLAS V H (bb) search after the background
subtraction, where, besides the H — bb events excess also the V Z(bb) peak is visible.
Figure 1.9 also shows the 717~ invariant mass spectrum in the CMS analysis, which
led to the observation of the H — 717~ decay mode.

Using Run 2 data, CMS has performed a first search for the inclusive H — bb
process in the high-pr regime, where the Higgs is produced so boosted that the two
b-jets are reconstructed merged in a single fat jet [4]. This analysis uses the Z — bb
decay (first observation in the boosted topology) as a standard candle to validate the
background modeling. Figure 1.10 shows the invariant mass distribution of the fat
jet,a H — bb signal has been found with an observed significance of 1.50.

Also the LHCb experiment has started a program aiming to the measurement of
the Higgs boson properties. The first search was performed setting upper limits in
the associated production with a Z or a W boson, with the Higgs boson decaying
into a b quark pair, and for the first time into a ¢ quark pair [40].

At the Tevatron the CDF and DO collaborations searched for the Higgs produced
via gluon-gluon fusion, WH, ZH, ttH and vector boson fusion decaying in the H —
bb, H > WTW~, H —» ZZ,and H — 777~ modes [41]. They observed a total
combined significance of 3.00 at a Higgs mass of 125 GeV/c?. Figure 1.11 shows
the observed and median expected (for the background-only hypothesis) 95% C.L.
Bayesian upper production limits expressed as multiples of the SM cross section as
a function of Higgs boson mass for the combined CDF and DO searches in all decay
modes.
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Chapter 2

Experimental facilities

The datasets that have been analyzed in this thesis have been collected in two differ-
ent experimental facilities: the CDF II at the Tevatron and the LHCb at the LHC.

The Collider Detector at Fermilab (CDF II) is a multi-purpose collider detector
which was located at one of the pp collision point at the Tevatron and collected data
until the end of 2011. It has been the first experiment at a hadron collider develop-
ing a trigger processor which gives the opportunity to trigger on events containing
a secondary vertex formed by long lived particles [42]. This allowed to greatly im-
prove the capability of selecting events with b hadrons, enhancing the physics reach
both in the low energy regime (b hadron flavour physics) and in the high energy
regime (physics with b-jets).

The Large Hadron Collider Beauty (LHCb) experiment [83] instead, is a particle
detector placed in one of the four pp interaction point at the Large Hadron Collider
(LHC) which is currently in data taking. It is a single-arm forward spectrometer,
covering the pseudorapidity range 2 < n < 5, and it was designed with the main
purpose of performing precision measurements in the flavour physics field.

At CDF II, the good performance on vertexing and the introduction of a trigger
processor specialized in identifying secondary vertices led to a campaign of great
results in the b Physics. Transferring and optimizing technologies and knowledge,
LHCDb has been designed in order to be able to perform precision vertexing and track
reconstruction at the on-line level thanks to its tracking system and its flexible trigger
system.

Besides low energy b Physics, experiment facilities with these characteristics can
be exploit to collect datasets enriched of b-jets. Efficient heavy flavour tagging per-
formance then, allow to retain tagged jets without the need to cut hard on the en-
ergy of the jets, giving the possibility to cover the low region in the invariant mass
spectrum being complementary to the high mass searches performed at ATLAS and
CMS.

With this in mind, at CDF 1II a still not analyzed dataset has been collected with
an ad-hoc trigger implemented in the data taking since Spring 2008, to cope with
the increased instantaneous luminosity provided by the Tevatron. Also at LHCb
a campaign aiming to enhance the Physics reaches of the experiments has started.
By performing measurements of quantum chromodynamics processes, electroweak
theory, exotic searches and central exclusive production LHCb is now considered a
forward general purpose detector. With the introduction of algorithms for the recon-
struction and identification of jets, LHCb has showed his capabilities by measuring
the Z — bb [87] cross section and it has also started to look for Higgs boson decay-
ing into a b and ¢ quark pair [40]. A sample enriched of heavy flavour tagged jets
collected by LHCb will be analyzed to study the prospects for the inclusive H — bb
search.
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FIGURE 2.1: Schematic view of the Fermilab accelerator chain.

In this chapter, the two experimental facilities are briefly described. First, after
a brief description of the Tevatron (Section 2.1.1) accelerator, the CDF II detector
(Section 2.1.2) and the trigger system (Section 2.1.3) are described. Then, the LHC
accelerator complex (Section 2.2.1), the LHCb detector (Section 2.2.2) and its trigger
system (Section 2.2.3) are described.

2.1 The CDF II detector at the Tevatron

2.1.1 The Tevatron acceleration complex

The Tevatron in Batavia, Illinois, USA is the first large-scale superconducting syn-
chrotron in the world. Located at the Fermi National Accelerator Laboratory (FNAL,
Fermilab), it was originally named the Energy Doubler since as a proton-synchrotron
it was reaching twice the energy of the original facility (the “Main Ring”), it began
operation in 1983 in fixed target mode and in 1985 as a proton-antiproton collider.

From 1985 to 1996 various periods of collider or fixed target operations alternate
with each other. From January 2001 to September 2011 the Tevatron fully operated as
a pp collider in the so-called Run II, producing particles interactions at an energy in
the center of mass frame of 1.96 TeV. Along the Tevatron ring there were two multi-
purpose collider detectors, CDF and DO, that had undergone extensive upgrades
during the 6 years long (1996 to 2001) preparations for Run IL

A schematic view of the Fermilab’s accelerator complex is shown in Figure 2.1.
The major components of the chain preceding the Tevatron Ring were: the Proton
Source complex (pre-Accelerator, LINAC, Booster), the Antiproton Source complex,
the Main Injector and the Recycler Ring.

The Tevatron was, and still is, the largest circular accelerator of proton-antiproton.
In a lenght of approximately 6 kilometers particles were accelerated to collide at
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FIGURE 2.2: The weekly and run integrated luminosity achieved dur-
ing the Tevatron Run II as a function of the time.

1.96 TeV every 396 ns. The beam had a transverse distribution approximate Gaus-
sian with o7 = 30 pum.

The instantaneous luminosity achieved by the Tevatron during Run II ranged
from about 0.1 x 10% cm~2s~! up to 4 x 10°> cm2s~1.

Weekly and run integrated luminosity during Run II are shown in Figure 2.2.
The missing periods represent the times when the Tevatron was shut down for up-
grading. In total during Run II the Tevatron delivered approximately 12 fb™! to the

CDF and D0 experiments.

2.1.2 The Collider Detector at Fermilab

The Collider Detector at Fermilab (CDF) [43, 44], was one of the two general purpose
detectors installed at the Tevatron in one of the pp collisions point. It was commis-
sioned in1985 (at that time CDF stood for Collider Detector Facility) and significantly
upgraded, first in 1989 and then between 1996 and 2001 in order to be adapted to the
higher collision rate coming from the increased instantaneous luminosity delivered
by the accelerator. The latter upgrade resulted in the detector version referred to as
CDF II, the one that is has been used for the analyses presented in this thesis. This
version of the detector has been functional until the end of operations in 2011. Dur-
ing Run I, the CDF Detector has recorded about the 85% of the luminosity delivered
by the Tevatron, approximately 10 fb™'.

The CDF II Detector, see Figure 2.3, had a cylindrical layout around the beam
line, with dimensions of approximately 7.5 m in radius and 15 m in length. The
coordinate system was defined such that the z axis lay along the beam line, in the
direction of the proton beam at the nominal (z) collision point. The positive y di-
rection is defined to point vertically upward. It is often convenient to use a polar
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FIGURE 2.3: Isometric view of the entire CDF II detector. Labels indi-
cate the different sub-detectors.

variable invariant under boost along z. This variable is the rapidity:

1 E + pcosb
=-In{ ——— 2.1
Y 2n<E—pcos{9>’ @1)

with F is the energy, p the momentum and 6 the polar angle of the particle. Rapidity
is close to 0 when the particle directions tend to be transverse i.e., perpendicular
to the beam direction and y — oo when the particle is predominantly parallel
to the beam axis. For highly energetic particles the rapidity y can be conveniently
substitute with the pseudo-rapidity defined as

=i (un (2)). o

The detector was composed of several sub-detectors, each one optimized for a
specific task. Starting from the interaction point and following the path of an outgo-
ing particle within acceptance there were:

¢ a tracking system enclosed by a superconducting solenoid (1.5 m in radius
and 4.8 m in length), which generated 1.4 T magnetic field parallel to the beam
axis. The magnetic field was uniform in the tracking region at the level of 1%
or better;

¢ finely segmented calorimeters;

* planar muon drift chambers backed by scintillation counters.
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Some of the sub-detectors, as the time-of-flight detector, the small angle spectrome-
ters on beam pipe, are not described in this section because they are not used in the
analyses described in this thesis. More details can be found in [44].

The tracking system

The Tracking System, inside the superconducting solenoid which provided an uni-
form magnetic field of 1.4 T, measured the trajectories and momenta of the charged
particles. It was made of an inner silicon tracking system and outer gas drift-chamber
as shown in Figure 2.4.
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FIGURE 2.4: Longitudinal view of the Tracking System of the CDF II
Detector.

The Inner Tracker

The inner silicon detector system was composed of three sub-detectors: the Layer 00
(L00), the Silicon Vertex Detector (SVX), and the Intermediate Silicon Layers (ISL). It
was designed with the aim of providing excellent spatial resolution, which is needed
to identify displaced secondary vertices which are the signature of events with bot-
tom quarks. All the silicon microstrip sensors had a space resolution of ~ 12 pm in
the direction transverse to the beam.

All three detectors had a barrel geometry, for a total of eight layers of silicon
sensors (p-n junctions) to guarantee a good track reconstruction even in the event of
component failure or degradation.

The innermost detector, placed directly on the beam pipe, was the Layer 00. It
consisted of a series of silicon microstrip sensors, single-sided for improved radia-
tion resistance with the disadvantage of providing position information in the (r —¢)



24 Chapter 2. Experimental facilities

plane only. The LOO detector covered a region up to |n|<4. LOO purpose was to im-
prove the track impact parameter (IP), the measured distance of minimum approach
to the beam axis, resolution (~ 40 pm for tracks with pp > 2 GeV/c).

The Silicon Vertex Detector (SVX), which had a coverage up to ||<2.0, extends
radially from 2.5 cm to 10.7 cm, was located immediately outside Layer 00. The SVX
system was composed of 5 layers of double-sided radiation-hardened silicon wafers
able to provide information in both the (r — ¢) and (r — 2) planes. The double-sided
imprint of the wafers allowed for 3D position measurements: one side of the wafer
had strips along the beam axis, the other one had either 90° or 1.2° stereo strips.

The outermost Intermediate Silicon Layers (ISL) consisted of three layers at ra-
dial distance of 20, 22 and 28 cm from the beampipe. The middle layer was posi-
tioned in the central region of the detector (|n|<1) while the closest and the furthest
away provided precision tracking in the 1<|n|<2 region. The three layers consisted
of double-sided strips with axial strips on one side and strips with a 1.2° stereo angle
with respect to the beam axis on the other side. By combining the information from
the SVX and the ISL tracks could be reconstructed in three-dimensions.

The Central Outer Tracker

The Central Outer Tracker (COT) [45] was located around the inner silicon system
and it extended from an inner radius of 44 cm to an outer radius of 132 cm and
was 155 cm long. It was an open-cell wire drift chamber filled with a gas mixture
of Argon, Ethane and CF, in proportion 50%, 35% and 15%. The chamber provided
full coverage for || <1 and a region of reduced acceptance coverage for 1<|n|<2. The
COT was composed of 4 axial and 4 stereo superlayers of azimuthal cells. Each cell
had alternated sense and field shaping wires. Within the cell width, the trajectory
of a particle was sampled 12 times. The cells were tilted by 35° with respect to the
radial direction in order to make the electrons drifting perpendicularly to the radius
for optimal momentum resolution, which reached an overall transverse resolution
of:

U(pT)/pT = 0.15%pT[GeV/c] (23)

The calorimeter system

CDF was provided with scintillator sampling calorimeters divided into an inner
electromagnetic and an outer hadronic compartment. Both calorimeters were seg-
mented into projective towers (also called wedges), with each tower consisted of
alternating layers of passive absorber material (Pb in the electromagnetic and Fe in
the hadronic compartment) and plastic scintillator for shower sampling. The light
from the scintillator plates was read out through wavelength-shifting bars or plates
and light guides by photo-multiplier tubes (PMT).

CDF calorimeters covered the full azimuthal coverage and || <3.6. The calorime-
ter system included the Central Electromagnetic Calorimeter (CEM) and the Central
Hadronic Calorimeter (CHA) in the |7|<0.9 region, the Endwall Hadronic Calorime-
ter (WHA) in 0.9<|n|<1.3 and the electromagnetic and hadronic plug calorimeters
(PEM,PHA) in 1.1<|n|<3.6, see Figure 2.5.

The central calorimeters, CEM, CHA and WHA, comprised 478 towers, each cov-
ering a range of 15° in azimuth and about 67 = 0.11 in pseudorapidity.

The CEM [46] was a sampling calorimeter made of 31 layers of 0.5 cm thick
polystyrene scintillator tiles (the active media) alternated with absorber layers of
0.32 cm thick lead sheets. The total amount of material corresponded to a depth of
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FIGURE 2.5: View of the calorimeter system.

about 18 radiation lengths (X). The CEM energy resolution was:
o(Er)/Er = 13.5%/+/ E1[GeV] & 2% (2.4)

where Er is the transverse energy of a photon or an electron hitting the CEM per-
pendicularly, and the ©2% term represents the contribution to the resolution due to
the lateral or longitudinal shower leakage, which is at first order constant.

The CHA and WHA were also sampling calorimeters [47]. The CHA surrounded
the CEM and consisted of 32 layers of 2.5 cm-thick steel alternating with 1 cm of
acrylic scintillator. The WHA extended the CHA and employed the same active and
passive medium of the CHA but was made of 15 layers with double thickness of
lead (5 cm). The total thickness for both the hadronic parts was approximately 4.7
absorption lengths (A\g). Resolutions of CHA and WHA for perpendicular particle
entrance were, respectively:

O’(ET)/ET = 50%/\/ET[GGV] (S5) 3%

2.5
O'(ET)/ET = 75%/\/ET[GGV] @4% ( )
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The PEM calorimeters [48] shared the same tower segmentation of the CEM in n
and ¢ for 2.11<|n|<3.64, but finer in ¢ for |n|<2.11 (An = 7.5°). They were composed
by 22 layers that consisted of 4.5 mm thick lead and 4 mm thick scintillator, the total
thickness was about 21.Xy. The PEM transverse energy resolution was:

O'(ET)/ET = 16%/\/ ET[GGV] 37, 1% (26)

The PHA, located behind PEM, had the same tower segmentation. The technol-
ogy was the same as for CHA, with 23 layers of 2 cm thick steel absorber alternating
with 6 mm thick scintillator. The total amount of material corresponded to ~ 4.7\.
PHA resolution was:

o(Er)/Er = 80%//E1[GeV] @ 5% 2.7)

The muon detector system

The Muon Detector System [49] consisted of four detectors: the Central Muon Detec-
tor (CMU), the Central Muon Upgrade Detector (CMU), the Central Muon Extension
Detector (CMX) and the Intermediate Muon Detector Detector (IMU). The detectors
were composed of drift chambers and scintillator counters and they covered differ-
ent region of 7. Figure 2.6 shows the spatial coverage of each of the detectors in the

(n, ¢) plane.

El- CMX EBE3-CMP EBH-CMU [E1-IMU
-1

-4 -

FIGURE 2.6: Coverage of the muon system in the (7, ¢) plane.

Muon detectors shared common features. They consisted of stack of rectangular
drift chamber modules, filled with a mixture of Argon and ethane at 50%, composed
of single-wire cells. Stacks were four layers deep with laterally displaced cells from
layer to layer to compensate for cell inefficiencies. The difference in drift-electrons
arrival-times between neighbor cells provided a typical resolution of 250 ym for the
hit position in the transverse plane. Charge division at the wire ends measured the z
coordinate with a 1.2 mm resolution. A muon candidate was reconstructed when a
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short track segment (stub) in the muon chambers match the extrapolation of a COT
track.

The CMU detector was situated right behind the Central Hadron Calorimeter
and covered the region with |1|<0.6. It consisted of a layer of drift chambers with
four planes of wires and detected muons with a transverse momentum of at least
1.4 GeV/c. Behind the CMU, the magnet return yoke of the solenoid, made of 60
cm of steel, stopped particle leaking from the calorimeter before the CMP and the
CMX detectors. It was very likely that the only charged particles able to penetrate
the shielding are muons.

The CMP and CMX detectors detected muons with pr>2.2 GeV/c in the pseudo-
rapidity range |n|<0.6 and 0.6<|n|<1.0, respectively. The CMP detector comprised
drift chambers backed by 2.5-thick scintillator counters (CSP), while the CMX detec-
tor consisted of large conical sections of drift tubes and scintillation counters (CSX).

2.1.3 The CDF I trigger system

At the Tevatron Run II the bunch crossing frequency was 2.53 MHz, which was much
higher than the possible event recording rate (150 Hz).

The CDF trigger system had a three-level architecture providing a rate reduction
sufficient to allow more sophisticated event processing one level after another with
a minimal deadtime, as shown in Figure 2.7.

Crossing rate 2.53 MHz
(396 ns clock cycle)

2.53 MHz synchronous plpeline
L1 storage Latency 5544 ns =42 x 132 ns
plpeline: Acceptrate <50 kHz
14 clock
cycles deep
L1 accept

Asynchronous 2-stage plpeline
Latency ~ 20 ps = 1/50 kHz
Acceptrate 300 Hz

L2 buffers:
4 events L1+L2 rejection factor: 25,000
L2 accept
DAQ buffers / Acceptrate <75 Hz
Event Bullder Rejectlon factor: >4

FIGURE 2.7: CDF Il readout and trigger scheme.

At Level-1 (L1) raw muons, tracks and calorimeter information were processed
to produce a L1 decision. L1 was a synchronous 40 stages pipeline and it was based
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on custom-designed hardware. It can provide a trigger decision in 5.5 ym and dur-
ing normal data taking its output rate was typically below 30 kHz. When an event
was accepted at L1, subsets of detector information were sent to the Level-2 (L2) sys-
tem, where some limited event reconstruction was performed and a decision was
taken. The L2 was an asynchronous pipeline and it was based on a combination
of custom-designed hardware and commodity processors. Its average latency was
20 pm and its maximum output rate was 1 kHz. Upon L2 accept, the full detector
data was readout and sent to Level-3 (L3) processors farm for further processing.
Events accepted at L3 were sent to mass storage.

According to the features of the events one would like to select, specific sets of
requirements were established by exploiting the physics objects (primitives, such as
raw tracks, calorimeter energy deposits, etc.) available for each trigger level. Then
links across different levels were established by defining trigger paths, identified by
a unique combination of a L1, a L2, and a L3 trigger; datasets were then formed by
merging the data samples collected via different trigger paths.

One of the key point that allowed the development of a trigger with an on-line
b-tagging algorithm [50] was the Silicon Vertex Tracker (SVT) [42]. It was a L2 trigger
processor which, exploiting the potential of a high precision silicon vertex detector,
allowed to trigger on tracks with a significantly different from zero impact parameter
(IP). SVT combined hits from silicon detectors with tracks reconstructed by XFT. The
association was performed by a device based on associative memories. A road was
found as a coincidence between hits, four out of five of the silicon layers, and XFT
tracks. Overall SVT tracking efficiency was about 80% and the resolution on the IP
reach was of 35 um for 2 GeV/c tracks, comparable with the one achieved for the
off-line resolution.

The L1 XFT worked with COT signals at high collision rates, returning track pr
and ¢ by means of a fast » — ¢ reconstruction. Track identification is performed
searching and combining track segments in the 4 axial superlayers of the drift cham-
ber. The upgraded XFT maintained the existing axial system but adding new boards
to find track segments also in the outer stereo layers of the chamber. Moreover XFT
segments of finer granularity can be sent to L2 where a 3D-track reconstruction can
be performed with a good resolution on cotf (ocot9 = 0.12) and zp (0, = 11 cm).

The L2CAL system used a fixed cone cluster finding algorithm which prevented
fake clusters formation and exploited the full 10-bit trigger tower energy informa-
tion. A jet was formed starting from a seed tower above a threshold and adding
all the towers inside a fixed cone centered at the seed tower and having a radius
AR = \/An? + A¢? = 0.7 units in the azimuth-pseudorapidity space. Jet position
is calculated weighting each tower inside the cone according to its transverse en-
ergy. The L2 jets energy and position measurements were with nearly equivalent
resolution to the off-line one.

2.1.4 The trigger for b-jets

In 2008 a trigger [50] path, called DIJET_BTAG, was implemented in the CDF trigger
system. It was optimized for the H — bb search, but it can be efficiently used for
every channel with b-jets in the final state. The basic idea was to look for displaced
tracks in jets and then make additional selections based on variables distinctive of
tracks coming from b hadrons while keeping the cut on the jet energies as low as
possible in order to limit the bias on dijet invariant mass distribution. Figure 2.8
illustrates the principle behind the b-tagging algorithms.
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FIGURE 2.8: Sketch showing that tracks coming from b hadron decays
have larger IP and form a secondary vertex.

At level 1 the selection was two tracks with pr > 2GeV/c and 2 CEM towers
with Er > 5GeV; the core of the new algorithm was at level 2, where the on-line
b-tagging was performed. The requirements at this stage were:

* two central (|n| < 1.0) calorimeter jets with E1 > 15 GeV,
¢ two XFI-SVT tracks 3-D matched to one of the leading jets (AR < 0.7) with:

- a signed impact parameter dy > 0.9 pm, the signed is positive if the in-
teraction point of the track with the jet axis is in the same hemisphere of
the jet

- forming a 2-track displaced vertex with R, > 0.1 cm, where dy = Ry, sin(¢p—
¢) ~ Ry(¢p — ¢) with R, and ¢y, the b hadron decay length and azimuthal
angle.

Figure 2.9 shows the comparison between the efficiency of the cut on signed dy for
signal and for background. At level 3 the confirmation of the level 2 requirements
with off-line quality variables is applied.

The overall efficiency of the trigger (Table 2.1) was 13% for SM H — bb process,
11% for MSSM Hb — bbb process and 5% for Z — bb events. This trigger algorithm
ran up to high instantaneous luminosity without being prescaled, thus it provided
an overall gain of 40% on signal acceptance.
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FIGURE 2.9: Efficiency of the cut on signed d, for signal (left-hand
vertical scale) and background (right-hand vertical scale) events.
Both curves are for R, > 0.1 cm.

TABLE 2.1: DIJET_BTAG trigger performances: L1, L2 and L3 trigger
efficiencies on different signals.

SM H — bb MSSM Hb — bbb Z — bb

L1 Eff(%) 70 69 38
L2 Eff(%) 14 43 6
L3 Eff(%) 13 11 5

This trigger worked until the end of the Tevatron operations, collecting a total of
5.4 fb! of data.
Monte Carlo simulation
The Monte Carlo simulation of the physics processes is divided in thee stages:

¢ the simulation of the hard parton scattering and the subsequent soft interac-
tions;

¢ the interaction of the produced particles with the simulated detector, correct-
ing for the effect of the on-line data taking conditions;

¢ the simulation of the trigger and the off-line analysis requirements.

The first step is performed using the PYTHIA 6.216 [65] physics process genera-
tor. PYTHIA performs leading order (LO) matrix calculations to simulate the hard
parton scattering. In addition, it uses parton showering and the Lund hadroniza-
tion model to describe the final part of the hadronic collision. The LO predictions
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generally describe the principal kinematical features of the processes and, conse-
quently the shaped of related distributions with a good approximation. The nor-
malization is, instead, usually badly predicted because of the lack of contribution
from the higher orders diagrams to the total cross sections. The Parton Distribution
Functions (PDFs), used in this analysis, is the leading order (LO) CTEQ5L set [68].

The interaction of the final state particles with the passive and active materials
of the detector and the response of the various subdetectors is simulated using the
GEANTS3 [69] software. Data taking conditions are considered into the detector sim-
ulation, including time-dependent beam position and the operating conditions of
the detector components. Instantaneous luminosity profile is part of the simulation
in order to model at best the multiple interactions in the same pp collision. Simulated
events are generated to reproduce data collected in a given data-taking period.

The output of the detector simulation has the same format as the real data so
that every selection and reconstruction algorithm can be applied evenly to the data
sample and the simulated events. In order to be able to determine the trigger effi-
ciency on any signal sample a trigger simulation that reproduces the hardware per-
formances has been developed for almost all the online processors except the XFT
stereo for which the full simulation is not available. Then, the same reconstruction
algorithms and selection criteria are applied. In the simulated samples we are in-
terested only in jets originating from a known generator level quark type. For this
reason, in the Monte Carlo simulation we match each jet to a true initiating quark jet
(b, c or usdg) requiring AR between the reconstructed jet and the one at the genera-
tion level to be less than 0.7.

2.2 The LHCDb at the LHC

221 The LHC

The Large Hadron Collider (LHC) [88, 89, 90] is the is the world’s largest and highest
energy particle accelerator. Proposed and realised by the European Organization
for Nuclear Research (CERN), it was designed to collide protons, as well as lead
ions, at an unprecedented energy and rate, in order to address some of the most
fundamental questions of particle physics.

LHC is a synchrotron housed in the tunnel that was once home to the Large
Electron Positron(LEP) collider at a depths ranging between 45 m and 170 m. Itis a
27 km circumference ring and it is the last part of a chain of accelerators, as shown in
Figure 2.10. At the start of the LHC injector chain is a cylinder of hydrogen gas which
acts as a source of protons, produced by ionising the gas. The protons are fed into the
LINear ACcelerator 2 (LINAC2) where they reach an energy of 50 MeV before they
are injected into the Proton Synchrotron Booster (PSB). Once the protons reach an
energy of 1.4 GeV they are transfered into the Proton Synchrotron (PS) followed by
the Super Proton Synchrotron (SPS) where they are accelerated to energies of 25 GeV
and 450 GeV, respectively.

They are finally injected into the LHC in two counter rotating beams. 1232 dipole
magnets keep the beams on their circular path, while an additional 392 quadrupole
magnets are used to keep the beams focused, in order to maximize the chances of
interaction in the four intersection points (IP), where the two beams cross. In to-
tal, over 1600 superconducting magnets are installed. Approximately 96 tonnes of
liquid helium are needed to keep the superconducting magnets at their operational
temperature of 1.9 K. The field in the dipole magnets increases from 0.53 T to 8.3 T
while the protons are accelerated from 450 GeV to 6.5 TeV.



32 Chapter 2. Experimental facilities

LHCBH

CNCZ\I

SPS

-

ATLAS
1 'I'I'EU\\__ (2005 Gran Sasso
1
AD
e

East Area
LiNaC = ‘
1 One e
~ L_eir
ENAES B0D5 (78 m)
lons
> ion b neutrons B @ [antiprotan] —H— /antiproson conversion b neutrinos b electron

LHC Large Hadron Colider PSS Super Proton Synchrotron PSS Proton Synchrotron

AD  Artiproton Decelaratar -3 Clic Test Facility ©NCLS Cern Neutrinos to Gran Sasso  1SOLDOE  |sotope Separator Online

LER LowEnergylon Ring  LINAC  LiNear ACcelerator  m-ToF~  Neutrons Time OF Flight

FIGURE 2.10: The LHC accelerator complex at CERN.

The protons complete their long journey when they are brought to collide at one
of the four intersection points where the two beam lines cross. It is at these intersec-
tion points that the four main LHC experiments are placed to record the remains of
the collisions. The Compact Muon Solenoid (CMS) [91] and A Toroidal LHC Appa-
ratuS (ATLAS) [92] are general purpose detectors. A Lead Ion Collision Experiment
(ALICE) [93] is designed to examine in particular heavy-ions collisions, specifically
looking for and examining the nature of the exotic state of matter known as quark-
gluon plasma. The final of the four main LHC experiments is the LHC beauty detec-
tor (LHCD) [83].

The LHC Run I and Run I1

LHC operations are organised in periods of data taking followed by long shutdowns
during which maintenance and upgrade can be performed to the accelerators and
the detectors. The first period of data taking, known as Run I, happened between
2010 and 2013. After an initial ramp up in energy during 2010, the nominal centre
of mass collision energy was /s = 7TeV during 2011 while in 2012 the collision
energy was increased to 8 TeV. Between 2013 and 2015 the first long shutdown took
place: many interventions were performed to the LHC to enable collisions at 14
TeV and also the other components of the accelerator chain were improved. Run II
started in 2015 and will be concluded in 2018 with the beginning of the second long
shutdown. In 2015 and 2016 the the nominal centre of mass collision energy has been
/s =13TeV.
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The LHC is designed to operate at an instantaneous luminosity of x 1034 cm 2571,

which was first reached in June 2016. Figure 2.11 shows the luminosity delivered by
LHC to the general purpose detectors and the luminosity collected by LHCb. It can
be noticed that the luminosity collected by LHCb is much smaller than that deliv-
ered to the general purpose detectors. The instantaneous luminosity delivered at
LHCb is roughly 4 x 10%? em~2s~ L. In fact, the luminosity is intentionally levelled
by locally de-focusing the beams. The aim of luminosity levelling is to allow for the
more efficient reconstruction of secondary vertices by reducing the number of pri-
mary vertices per bunch crossing (1 or 2 in LHCb and approximately 20 in ATLAS
and CMS).

LHC integrated luminosity by year
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FIGURE 2.11: The integrated luminosity delivered by LHC (a). The
integrated luminosity recorded at LHCb (b).

2.2.2 The LHCDb detector

The Large Hadron Collider Beauty (LHCb) experiment is designed to take advan-
tage of the copious production of B mesons at the LHC. Because bb pairs are pro-
duced predominantly with highly correlated trajectories and are so highly boosted
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FIGURE 2.12: The production angles, relative to the beam-line, of
bb pairs produced in proton-proton collisions at the LHC at /s =
14 TeV.

at LHC energies, the polar angles relative to the beam-line tend to be very small, as
shown in Figure 2.12.

To take advantage of this, the LHCb detector has its unique forward-arm design,
as shown in Figure 2.13. LHCb covers only the region of high pseudo-rapidity, 2 <
n < 5, which corresponds to about the 2.5% of the solid angle. Nevertheless, about
27% of b quarks produced in LHC collisions fall within the acceptance of LHCb.

To facilitate a clear frame of reference when discussing the LHCb detector a
global coordinate system is defined, and it is also shown in Figure 2.13. The ori-
gin is located at the point at which the two LHC proton beams intersect each other
and the protons collide. The z-axis is parallel to the line of the proton beams, with
positive z pointing into the main LHCb detector, also called the downstream region.
The y-axis is in the vertical direction, with positive y pointing upwards, and the
x-axis is horizontal, with positive z pointing into the page.

As Figure 2.13 shows, LHCb is comprised of different sub-detectors, each de-
signed for a precise purpose. The design and performance of each of these sub-
detectors are here briefly discussed in turn. The LHCb detector as been designed to
satisfy some experimental requirements:

¢ discriminate between primary and secondary vertices as b and ¢ hadrons travel
a distance of the order of a few mm before decaying,

¢ discriminate between particle species, both hadrons and leptons,

¢ on-line fast and efficientf event selection for discriminating interesting events
among the large background.

The first and the third points, which are addressed through the tracking and the
trigger systems, are of primary importance for the reconstruction and identification
of the b-jets.
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FIGURE 2.13: A side view of the LHCb detector.
The tracking system
The VErtex LOcator

The LHCb VErtex LOcator (VELO) [94] is a silicon microstrip vertex detector de-
signed to provide precise track coordinate measurements close to the interaction
region. As its name suggests, it is used to locate the position of any proton-proton
collisions within LHCb, the primary vertices, as well as the decay points of any long
lived particles produced in the collisions, such as B and D mesons, the secondary
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vertex. This is the most complex and delicate sub-detector of the whole LHCb. The
possibility to perform flavour physics, and also high-pt physics with b-jets, mostly
depends on the performance of this detector.

The VELO consists of two sets of 21 modules, located on either side of the beam
line (see Figure 2.14). To minimize the extrapolation distance between the first hit of
a reconstructed track and the interaction point the active regions of the VELO sen-
sors start at just 8 mm from the beam-line. Each module comprises two semicircular
sensors (one R sensor and one ¢ sensor), each approximately 300 ym in thickness
and with a diameter of 84 mm. The R sensors are embedded with silicon in concen-
tric semicircles centred on the beam axis, allowing for determination of the r coor-
dinates of track points. The orthogonal coordinates are supplied by the ¢ sensors in
which the silicon strips run radially out from the beam axis.

During LHC injection, the width of the beam increases significantly. Therefore
it is necessary to horizontally retract each half of the VELO by ~ 3 cm to avoid
damage to the sensors. Once the beam is stable, the aperture reduces to ~ 100 ym
and the two halves are moved back together so that they overlap slightly in order to
ensure coverage of the full azimuthal acceptance and to aid with module alignment.
A vacuum is maintained within the VELO to minimise interactions before charged
particles reach the silicon microstrips.

VELO performance

The performance of the VELO is of critical importance to the majority of LHCb anal-
yses. The spatial resolution of the impact parameter and of the primary vertex in
the x and y direction are shown in Figure 2.15. The impact parameter (IP) resolution
improves with increasing particle momentum. The resolution on the = component
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of IP achieves a resolution on /P, of < 36 pm for particles with pr > 1 GeV/c. The
excellent IP resolution is reflected in the PV resolution. For a PV using 25 tracks
in its fit the resolution on the x coordinate of its position is just 13.1 ym, while the
resolution on the y coordinate is just 12.5 ym.
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FIGURE 2.15: Resolution of the « component of IP measurements as
a function of 1/pr (a). (b) Resolution of PV z and y coordinates as
function of the number of hits.
The dipole magnet

A dipole magnet [95] provides an integrated magnetic field of about 4 Tm. A dia-
gram of the magnet is shown in Figure 2.16. The magnet is designed to fit the de-
tector geometry and the momentum measurements covers the forward acceptance
of 250 mrad vertically and of £300 mrad horizontally. It is located between the TT
station and the T1-T3 stations. The generated magnetic field is directed along the y
axis, therefore the zz plane is the bending plane.

It is a warm (not super-conducting) magnet consisting of two identical, saddle
shaped aluminum conducting coils positioned symmetrically above and below the
beam-line. Its polarity can readily be reversed, so as to cancel any asymmetries in the
detection efficiency that might fake CP-violation. Throughout data-taking this has
been done regularly, and an approximately equal quantity of data has been taken
with each polarity. The magnetic field is generated in the positive, or negative, y
direction. In order to achieve the required momentum resolution, the magnetic field
is measured with a precision of a few parts per 10~%. It is mapped with a fine grid
of 8 x 8 x 10 cm covering most of the LHCb acceptance.

The tracking stations

The tracking stations downstream of the VELO are designed to provide measure-
ments of the trajectories of charged particles before and after the magnet, to allow
measurement of their momenta. The tracking system is composed by four planar
stations, orthogonal to the beam axis: the Trigger Tracker (TT) and the T1, T2, T3
stations. The TT and the inner regions of T1-T3, which formed the Inner Tracker
(IT) [96], are subject to very high particle flux, thus they must be very radiation hard,
and have sufficiently high granularity as to keep occupancies low enough for reli-
able pattern recognition. For these reasons they use silicon microstrip sensors with a
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FIGURE 2.16: A diagram of the LHCb magnet.

strip pitch of about 200 ;zm. Each one of the silicon tracker stations has four detection
layers of three different type: the z-type layer has vertical strips, the u- and v-type
stereo layers have strips rotated respectively to —5° and +5° with respect to the y
axis. The arrangement scheme followed is z-u-v-x starting from the layer closest to
the interaction point. The TT station is located downstream of the dipole magnet,
150 cm wide and 130 cm high, it covers the full acceptance of the experiment. Given
the proximity to the magnet, the TT station is affected by a residual magnetic field.

The IT located in the centre of T stations is 120 cm wide and 40 cm high. The T
stations are placed upstream of the magnet and the acceptance region covered by the
IT is approximately 1.3% of the LHCb acceptance. The single hit spatial resolution
has been determined to be around 50 pm for both the TT and the IT.

The external region of T stations is called Outer Tracker (OT) [97] and it suffers
significantly less irradiation, so cheaper array of straw tube drift-time sensors are
used. The OT is designed as an array of straw-tube modules. The boundary with the
IT is chosen to limit the occupancy to less than 10% at the nominal LHCb luminosity.
The four layers of each OT station follow the same geometry as the IT with the inner
two layers rotated by +5 and —5 . To ensure a maximum drift time of 50 ns (the
time taken for two bunch proton crossing), the tube contain a gas mixture of 70%
argon and 30% carbon dioxide, and have an inner diameter of 4.9 mm. Each module
is formed by two staggered layers of drift-tubes with an inner diameter of 4.9 mm.
The tubes are filled with counting gas, a mixture of Argon (70 %), CO; (28.5%) and
O3 (1.5 %).

These are chosen to guarantee a sufficient drift distance resolution of about 200
pm. The OT covers an acceptance of 300 mrad (250 mrad) in the horizontal (vertical)
plane.

A schematization of the tracking system with the OT, IT and TT detectors in
evidence is presented in Figure 2.17.
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FIGURE 2.17: Layout of the LHCb tracking system.

Tracking performance and track reconstruction

Pattern recognition algorithms are used to reconstruct the track trajectory coordi-
nates in all the tracking sub-detectors. In order to find the best estimate of the tracks
parameters a Kalman fit [98] is performed. The tracks are classified in four categories
starting from the hits:

¢ [ong tracks, which have hits in the VELO and in all the T-stations;

¢ downstream tracks, which have hits in the VELO and in the TT station but not
in the T1, T2 and T3 stations;

e upstream tracks, which have hits in all the T-stations but not in the VELO;
¢ VELO tracks, which have hits in the VELO only.

The first step of the track reconstruction is the pattern recognition in which inde-
pendently in the VELO and in the T stations sequences of hits are grouped together
and identified as coming from the same track. These VELO tracks and T tracks are
then used as input to find long, upstream and downstream tracks. The long tracks
are found either by extrapolating the VELO tracks into the T station and looking for
matching hits, or by matching directly the VELO tracks with T tracks; TT hits are
then added. Downstream tracks are found by extrapolating VELO tracks into the
TT while the Upstream tracks combine T tracks with TT information.

The momentum resolution of long tracks has been measured using a data sam-
ples of J/¢ — pp~ decays, collected with a trigger configuration that selects cou-
ples of high energy muons (dimuons) [99]. The resolution as a function of the muon
track momentum is shown in Figure 2.18. It is of about 0.5% for momentum particles
below 20 GeV /c and 0.8% for momentum particles around 100 GeV /c. The invariant
mass resolution has been studied using six resonances observed in the dimuon data
sample: J/v, (25), T(1S), T(25), T(3S5) mesons and Z boson [99].

The primary vertex is reconstructed from the detected tracks. First tracks are
clustered in seeds, using the algorithm described in [100]. Then for each seed the PV
position is calculated by minimizing;:

Ntracks 2
d?.
01

X%V = Z 0'2d0'7 (28)
i=1 "
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FIGURE 2.18: Relative momentum resolution as a function of the par-
ticle momentum, measured in data using muon tracks from .J/¢ de-
cays.

where dj is the impact parameter of the track and oy, its error. If one or more tracks
have dy/o4, > 4 then the one with the highest dy/o4, is removed from the cluster,
and a new PV position is calculated by minimizing x%,,. If the cluster has less then 6
tracks then it is discarded. The procedure stops if there are no more tracks to discard.

The PV reconstruction efficiency and resolution have been obtained in simula-
tion [100] and it depends from the tracks multiplicity. The average efficiency goes
from 90.0% to 97.5%, with a probability to reconstruct a false PV of about 1%. The
resolution is of about 8 um, 10 wm and 50 pm for the z, y and z coordinates respec-
tively.

Particle identification

One essential design feature of the LHCb detector is its ability to distinguish dif-
ferent final state charged particles. This is especially important for discriminating
between decays that are topologically equivalent but differ only by the species of
their final state charged particles. Particle IDentification (PID) is achieved at LHCb
by the use of two Ring Imaging CHerenkov (RICH) detectors, a calorimeter system
and a muon detector, designed to cover all of the common charged particles (e, p, 7,

K, p).

Ring imaging Cherenkov detectors

The two Ring Imaging Cherenkov (RICH) detectors at LHCb provide particle iden-
tification for the experiment. There are two RICH detectors in LHCb as shown in
Figure 2.19: RICH1 [101] is positioned before the magnet and is designed to perform
particle identification (PID) for low momentum particles; RICH2 [101] is situated
downstream of the magnet, and is designed to perform PID for high momentum
particles. The momentum range covered depends on the radiator material used:
RICH1 uses aerogel, with n = 1.03, and C4Fig gas, with n = 1.0014; while RICH2
uses C'F); gas, with n = 1.0005.

For a given p each different species of charged particle will produce a ring with a
different radius. Thus knowing the p of a given track, one can compare the expected
rings with the photons observed and so infer the species of the particle that made
the track.
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FIGURE 2.19: (a) The RICH1 detector in the x-y plane. (b) The RICH2
detector in the x-z plane (top view).

Such a process has a certain rate of mis-identification, whereby it identifies a
track as being of a certain species other than its true identity. The efficiency of the
PID algorithm can be checked, on real data, by using decay channels for which the
kinematics of the decay products are sufficient to identify them without using the
RICH detectors. As an example, the decay Dx+ — D°(Km)r " is used for 7 — K
separation, as applying a tight constraint on m(D**) — m(D?) is sufficient to select
a very clean signal sample. Figure 2.20 shows the efficiency, as a function of mo-
mentum, of correctly identifying a K as a K, and wrongly identifying a 7 as a K.

The calorimeters system

The LHCb calorimetry system [102] adopts the classical layout of an Electromag-
net Calorimeter (ECAL) followed by a Hadronic Calorimeter (HCAL). This system
provides several functions:

¢ it selects hadrons, electrons and photons with significant transverse energies
at the first level trigger (L0), making a decision 4 ps after the interaction;

e it provides the identification of electrons, photons and hadrons;

* it measures the energy of neutral particles, such as photons, 7° and neutral
hadrons, which is a fundamental feature for jet reconstruction.

The calorimeters system is composed of a scintillating pad detector (SPD), a preshower
detector (PS), an electromagnetic calorimeter (ECAL) and a hadronic calorimeter
(HCAL) located in this order downstream of the RICH2 and M1 muon station, before
the M2-M5 stations.

The SPD and the PS are two almost identical planes of scintillator pads, separated
by a 15 mm thick lead converter, equal to 2.5 radiation lengths. The role of the SPD is
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FIGURE 2.20: The efficiency, as a function of particle momentum,
with which the RICH detectors correctly identify a K as a K, and
wrongly identify a 7 as a K.

to detect charged particles, and when used together with the ECAL, provides rejec-
tion of ¥ and ~ backgrounds to e~ signal candidates. In addition, SPD information
is used by the Level-0 trigger to reject high multiplicity events. The PS is designed to
detect electromagnetic particles which shower in the lead plate (primarily e~ and v
because of their comparatively short interaction lengths) and is used in conjunction
with the ECAL to reject 7% backgrounds to e~ signal candidates. At trigger level a
cut on the maximum number of hits in the SPD (n.SPD) is applied. This requirement
is called Global Event Cut and it is used to reject events with multiple interactions.
The ECAL is placed 12.5 m from the interaction point and its acceptance is +300
mrad horizontally and +£250 mrad vertically, limited in the inner region around the
beam pipe at £25 mrad. A ECAL cell is built alternating layers of 2 mm thick lead
tiles and 4 mm scintillator tiles. In depth 66 layers form a 42 cm stack, corresponding
to 25 radiation lengths. As for the SPD/PS the scintillation light is transmitted by
WLS (wave lenght<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>