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Study of a J/v Cross Section Measurement with with First
Data at CMS

Zongchang Yang (High Energy Physics)
Supervised by (Prof. Sijin Qian)

Abstract

This thesis presents the methods and plans for measuring the differential pp
J/1p— ptp~ production cross section, using data to be collected in the first LHC
run by the CMS detector. Making use of the large B-hadron lifetime, we show how
to separate the promptly produced J/v’s from those coming from B-hadron decays.
Since the J/v production cross section is expected to be large, the analysis should
be viable with relatively small data sets, that will become available early in the
startup of the LHC. We also address effects of a non-perfect detector alignment, as
well as systematic uncertainties.

About 70 thousand J/v decays are reconstructed for an integrated luminosity
of 3 pb~lin 14 TeV collisions, in the range of pé/lﬁ between 5 and 40 GeV/c. The
precision of the result is limited by systematic uncertainties, and is at the 15 %

level.

Keywords: CMS, J/4, cross section, NRQCD, Color Singlet Model, Color Octet

Mechanism
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Chapter 1

Introduction

Although the J/¢ meson has been discovered more than 30 years ago, the un-
derlying production mechanism at hadron colliders is still not well understood. The
next generation particle accelerator, the Large Hadron Collider (LHC) at CERN,
will open new opportunities for quarkonia physics. The LHC is designed to collide
protons with a center-of-mass energy of 14 TeV. The predicted cross section for
charmonium production increases by a factor of about 100 compared to the one at
the Tevatron. When the LHC starts its operation in late 2009, it will produce large
number of charm quarks even in low luminosity runs during the first few years of
running. The number of produced quarkonium states such as J/v , important for

many physics studies, will also be large.

The importance of studying the decays of the charmonium to muon pair for
CMS is first, being narrow resonances, they can be used as tools for alignment
and calibration of the trigger, tracking and muon systems. Secondly, understand-
ing the details of the prompt charmonium production is a challenging task and a
good testbed for various QCD calculations, spanning both perturbative and non-
perturbative regimes through the creation of heavy quarks in the hard process and
their subsequent evolution into physical bound states. Third, the prompt J/v is

the main background for studies of the B mesons with charmonium decay modes.



In this thesis, charmonium production are studied in preparation for a cross
section measurement, using data to be collected in the first LHC run by the CMS
detector. The study is focusing on the decays of the charmonium to muon pair.
The second chapter gives a brief introduction to the Standard Model of Particle
Physics and detail the motivations for studying charmonium, first from a historical
standpoint and then in the context of recent theoretical predictions and experimen-
tal results. An overview of the experimental setup of the CMS experiment and
the LHC is given in Chapter 3. The forth chapter documents some of the Monte
Carlo tuning and simulations I performed for quarkonium production in CMS and
describes the used simulated event data.

Chapter 5 describes the CMS trigger system and the trigger scheme that will
be used for J/v selection. Following this, Chapter 6 discusses the reconstruction of
these events once they have passed through the CMS detector simulation, including
details of muon and J/1 reconstruction performance and efficiencies studies.

After reconstruction and event selection are performed, the measurement of
the inclusive J/v differential cross section is explained in Chapter 7, as well as the
separation between prompt and non-prompt components. Making use of the large
B-hadron lifetime, the contribution of prompt .J/v¢ production can be separated
from those from B-hadron decays.

Chapter 8 discusses the effects of the detector with miscalibrations and mis-
alignments on the level we expect shortly after start-up, including the J/i mass
and vertex resolution in different misalignment scenarios.

Studies of various systematic uncertainties are presented in Chapter 9, includ-
ing theoretical uncertainties, limited knowledge of the detector response and effi-
ciencies, and the corresponding Monte-Carlo modelings.

Chapter 10 summaries the yields, the total efficiency, the fitted B-fraction, and
the systematic uncertainty in each pr bin we expect to see in early data. We provide
a brief prediction of the J/v differential cross-section measurement at an integrated

luminosity of 3 pb™!.

[



CHAPTER 1 INTRODUCTION

Conclusions are given in Chapter 11.






Chapter 2

Theoretical motivations

The first part of this chapter gives a brief summary of the Standard Model
of Particle Physics. Later on, the focus is shifted to the charmonium, ¢¢ bound
state. An introduction to the production mechanism of prompt charmonium in
hadron collisions is given. The last part summarized the existed measurements on

charmonium with many different detectors and compared with theoretical models.

2.1 The Standard Model

Particle physics studies the basic components of matter, their properties as well
as the forces controlling them. So far, four basic forces are known: the strong, the
electromagnetic, the weak, and the gravitational force. Each of them is described
by a single theory, specifically chromodynamics, electrodynamics, flavourdynamics,
and Einstein’ s general theory of relativity. A rough overview of the strength of the
forces is given in Tab. 21l

The Standard Model (SM) is an effective field theory which describes the strong,
weak, and electromagnetic fundamental forces interacting between structureless or
fundamental particles. It uses the theoretical framework of quantum field theory,
and is therefore consistent with both quantum mechanics and special relativity.

Gravity is by far the weakest of the four forces, and is not described within the



2.1 THE STANDARD MODEL

force range theory action on mediator

strong 107 ecm  chromodynamics quarks gluons
electromagnetic  Infinity  electrodynamics charged particles  photon
weak 107 cm  flavourdynamics  quarks, leptons W and Z

gravity Infinity gravitation all graviton

Table 2.1: Range, theory, and mediating particle of the four fundamental forces [1].

Standard Model. There are three kinds of particles in the SM: the fermions with

spin:%, the gauge bosons with spin=1, and the Higgs boson with spin=0.

The Standard Model combines the theory of quantum chromodynamics (which
describes the strong interactions) with the theory of the electroweak interaction
(which describes the weak and electromagnetic interactions.) Each of these theories
are gauge field theories, meaning that they describe fermions coupled to bosons,
with the bosons mediating the forces between fermions. Quantum field theory for-
malism uses the Lagrangian operator to completely describe the system of particles
and their interactions. The Lagrangian of each set of bosons is invariant under a
transformation called a gauge transformation, and each gauge transformation can be
described by a unitary group called a ”gauge group”. Thus, these mediating bosons
are often referred to as ”"gauge bosons”. The gauge group of the strong interac-
tion is SU(3), and the gauge group of the electroweak interaction is SU(2) x U(1).
Therefore, the Standard Model is often referred to as SU(3) x SU(2) x U(1).

The fermions of the Standard Model are divided into two categories: quarks and
leptons, depending on their interactions. There are six quarks (up, down, charm,
strange, top and bottom) that participate in quantum chromodynamics processes,
as well as six leptons (electron, muon, tau and their corresponding neutrinos) that
not affected by the strong interaction. All of them carry weak isospin, leading to an
interaction via the weak force. In addition to these particles a respective antiparticle

exists with the same mass and opposite electric charge. Within the Standard Model
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the quarks and leptons are arranged in three generations in the order of increasing
particle masses, as shown in Tab.[2.2l The first-generation particles constitute the
fundamental particles of the known stable matter. The particles of generations II
and III, replica of the fundamental particles with higher masses, were discovered

due to collisions at high energy.

Generation name symbol el. charge [e]  Mass [MeV/c?]
up quark u 2 (1.5 - 3.0)
Ist down quark d —3 (3.5 -6.0)
generation electron e -1 0.511
electron neutrino Ve 0 <2-1076
strange quark s —3 10473¢
2nd charm quark c 2 (1.271597) . 10°
generation muon L -1 106
muon neutrino vy, 0 i0.190
bottom quark b —3 (4.207540) - 10°
3rd top quark t 2 (171.24+2.1) - 103
generation tau T -1 1777
tau neutrino Ve 0 i18.2

Table 2.2: Three generations of leptons and quarks in the Standard Model and their
masses [2]. The electric charge is given in unites of the positron charge, the mass in

units of MeV/c2.

The gauge bosons and some of their properties are list in Tab.2.3l The gluons,
mediating the strong interaction between color charged particles, are massless and
carry color charges, so named because it binds or "glues” the quarks together to
form nucleons. As there are eight independent color states, eight types of gluon
exist. Due to their own color charge they can interact among each other. The

gauge boson of the electromagnetic force is the massless and neutral photon. It
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2.2 QUANTUM CHROMODYNAMICS AND HADRON PRODUCTION

only interacts with electrically charged particles, so it does not interact with itself.
In contrast to these gauge bosons, the ones mediating the weak force, the W and

the Z bosons, are massive. The W bosons additionally carry an electric charge.

name force symbol el. charge [e] Mass [GeV/c?]
gluon strong g 0 0
photon || electromagnet ¥ 0 0
W boson weak W= +1 80.398 £+ 0.025
Z boson weak Z° 0 91.1876 4 0.0021

Table 2.3: Properties of the guage bosons [2]. The electric charge is given in unites

of the positron charge, the mass in units of GeV/c?.

2.2 Quantum Chromodynamics and Hadron Production
2.2.1 Strong Interaction and Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the gauge field theory based on the SU(3)
gauge group, which describes the strong interactions of colored quarks and gluons,
and is one of the components of the Standard Model. In strong interaction, ”color”
plays the role of charge. Whereas there one kind of electric charge in electromagnetic
interaction (positive or negative), there are three kind of color charges in strong
interaction, red, green and blue. Each quark has one of the three colors and anti
quark has anti color charge. The color charge is conserved like electric charge is
conserved. Strong interaction works only between quarks, but not with leptons since
leptons do not carry color. Strong interaction bind quarks into hadrons, such as
proton or pion. Also, force between nucleons is strong force, and strong interaction
is responsible for binding protons and neutrons into a nucleus.

In weakly bound systems (hydrogen, for example) the components may be sep-

arated if sufficient energy is added, for example in the form of a collision. However,
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in QCD bound systems, it is generally understood that the binding force is too
strong for this to occur, regardless of the amount of energy added. If a hadron is
struck hard, the constituent quarks do not simply come free. Rather, additional qq
pairs are generated from the color field, and recombine to form more hadrons. This
process of generating gq pairs in energetic strong interactions is central to models
of hadron production.

The strong coupling constant «, parameterized the strength of the quark-gluon
and gluon-gluon couplings, and it is analogous to the electromagnetic coupling con-
stant .. The value of a; depends on the transverse momentum of the process being
studied, a characteristic known as "running coupling constant”. At low energies,
E < 1 GeV, the coupling is so strong that perturbation theory breaks down . At
higher energies «, decreases, becoming small enough for perturbation theory to
be applied reliably. This decrease in o, implies that in the limit of very high en-
ergies, quarks behave as free particles, a property known as asymptotic freedom.
In general, perturbative QCD successfully describes hard processes in high energy
collisions produced at modern particle colliders.

However, the understanding of strong dynamics at low energies remains a major
challenge for particle physics. With perturbation theory unavailable, a variety of
theoretical models must be applied to different situations. For example, the original
quark model is very useful in classifying hadrons and understanding their quantum
numbers. However, it does not include any dynamics and therefore is not able to
predict quantities such as masses or scattering cross sections. Meanwhile, several
models exist to deal with the process of hadronization, the evolution of a single
energetic quark or gluon into a jet of hadrons. These models can be tested in the

study of jet production at collider experiments.

2.2.2 The charmonium families

Heavy quarkonium production in hadronic collisions provides an ideal test-

ing ground for our understanding of QCD. It involves both perturbative and non-
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perturbative processes. The production of the heavy quark pair occurs at short
distances and can be calculated perturbatively due to the large scale of the quark
masses, whereas the non-pertubative QCD effects that bind the heavy quark-
antiquark pair into quarkonium can only be factorized into a wave function. The
charmonia states of cc¢ are the well-understood hadrons. These are to some extent
non-relativistic systems, and so are analogous to electromagnetically bound systems
like hydrogen or positronium. Charmonia may thus be modeled as a quark and an
anti-quark moving in a central potential, leaving the form of the potential to be
fitted to data [3]. The spectra (Fig.21l) of the c¢ bound system as well as Tab.[2.4]
summarizes the characteristics of the observed states as of today. In this context,
"bound” refers to states with mass below the open-flavor threshold (2mp for char-
monia). In general, states above this threshold decay rapidly to DD and are not so

amenable to study as the bound states.

Meson n?5*tL; Jre Mass (GeV) L (keV)
Ne 115, 0+ 2.980 N/A
S/ 135, 1 3.097 5.40
Xeos Xets Xe2 || 1 3Py1o | OFF1FF 27+ 1 3.4153.511,3.556 |  N/A
he 1P, 1 3.523 N/A
1e(25) 2 15, 0+ 3.594 N/A
0 238 1 3.686 2.12

Table 2.4: Properties of charmonia (cf.Ref. [2]).

At the J/1 mass, it is estimated that o, (M) ~ 0.25 [4]. These values can be
used to estimate the quark velocities in the potential model [12], yielding v? ~ 0.3.
The non-relativistic approximation even if not very accurate for charmonia, is use-
ful nonetheless. The production of heavy quarks in high-energy particle collisions
is an active field of research. Perturbative QCD can be used to make predictions

of inclusive heavy flavor production, i.e. charm, bottom and top production [6].
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28 .77/

hadrons hadrons

hadrons hadrons y+ radiative

JPC — 0+ 11— o++ 1++ 1+- o++

Figure 2.1: Spectrum and transitions of the charmonium family (from Ref. [2].

Provided the colliding beam particles have sufficient energy, heavy quarks may be
produced in a variety of collisions, for example at e + e—, ep and pp colliders. The
highest energies are attained in pp collisions, where heavy quark pairs are produced
by gq and gg interactions between the components of the proton. At high energies,
due to asymptotic freedom the incoming hadrons behave approximately as beams
of independent quarks and gluons. The momentum distributions of the quarks and
gluons within a hadron are characterized by a set of measured parton distribution
functions, which depend on the energy scale of the production process. The inclu-
sive heavy quark production cross section thus depends on the parton distribution
functions and the amplitudes for gq and gg collisions to produce heavy quarks. The
study of quarkonium production in high-energy collisions is useful because it involves
QCD processes at different energy scales. First, the heavy quark-anti-quark pair
is produced in an energetic collision (at distance 7 ~ 1/Mg2), then the pair binds
together into a quarkonium state (r ~ 1/a,(M)M). If the energy scales of these two
steps differ sufficiently, the cross section for the production of a quarkonium meson
H may factor into two parts First, the cross section for inclusive production of the
heavy quark pair QQ, which can be calculated perturbatively (r < 1/Agep), and
second is the probability for the QQ pair to evolve into the bound state H, which

— 11—
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must be modeled. The technique of separating a production process into two stages
is formally known as factorization and is central to QCD calculations of high-energy
collisions. The validity of the factorization of the quarkonium production cross sec-
tion depends on the energy scales and interactions involved in the two steps, and

can be tested experimentally.

Three types of models have been used to describe quarkonium formation: the
color-singlet model; the color-evaporation model with a follow-up soft color interac-
tion model; and the color-octet model. In the color-singlet model, the quarkonium

JFC state

meson retains the quantum numbers of the produced cc pair, and thus each
can only be directly produced via the corresponding hard scattering color-singlet
sub-processes. In the color-evaporation model, the directly produced quarkonium

JPC state as the cc pair produced in the hard

meson is not constrained to the same
scatter because of the emission of soft gluons during the meson’s formation. The
color-octet mechanism extends the color-singlet approach by taking into account the
production of cc pairs in a color-octet configuration. The color-octet state evolves

into a color-singlet state via emission of soft gluons.

2.3 Charmonium Production

There are three processes that dominate the production of charmonium states
in high energy hadron collisions. The first is called direct production, in which
the a c¢ pair is produced in the particle collision, and the two quarks combined
producing a colorless J/1) meson. The second is in the decay of a prompt produced
heavier charmonium state, for example the production of a J/¢ meson in the decay
of prompt x. or ¢(2S) meson, and is known as feeddown. The third process is the
production of a bottom quark fragmenting into a B hadron, which can subsequently
decay into v and other hadrons. This production is further referred as non —
prompt production or B production. This third production is distinguished from

the first two by the relatively long lifetime of B-hadrons, about 1.5 ps. The decay
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vertex of a B-hadron is usually far enough from the primary interaction point of the
colliding beams to be identified as a displaced secondary vertex. The first two types
of charmonium production occur at the primary interaction point and are known

as prompt production. Tab. summarizes the different processes.

15 step 2nd step 37 step Type
Prompt prod.
& — J/b . pep
directly
Prompt prod. by
pp—cc+X €= xe Xe = J/U+7
decay ofy.
Prompt prod. b
decay of v’
pp — be+ X
_ cc— J/Y — Non-prompt
bc — cc + I + Uy
cC — Xe Xe — J/U+ 7 production
etc ...

Table 2.5: Different processes involved in .J/v production accompanied by quantities

used in the following discussion.

In the following, the three main models for inelastic Charmonium production
will be presented in their historical order.In all models, the production of the cc pair
is treated separately from its evolution into a bound state (factorization); factoriza-
tion is considered to be legitimate because the production of the cc pair proceeds
on a short time scale of order 1/m., while the formation of the bound state is a

non-perturbative long distance process on a time scale longer than 1/Agep.

2.3.1 The Color Evaporation Model

The Color Evaporation Model (CEM), also referred to as the ”local duality

approach”, has been developed in the late seventies by Fritzcsh et al. [7, 8 and

—-13 -



2.3 CHARMONIUM PRODUCTION

was revived in 1996 by Amundson et al. [9, [10]. In this approach, the sum of the
cross sections of all c¢ bound states is given by the integral of the cross section for cc
production, o, from the lower threshold 2m, up to the threshold for the production

of a pair of heavy-light mesons, 2mp:

1 2mp d -
Oonium = = / dm g (2 ].)
9 /2

e dm

where o is calculated in perturbation theory. The factor 1/9 represents the
statistical probability for the quark pair to be asymptotically in the color singlet
state. This transition is thought to proceed via multiple soft - gluon interactions,
implying a statistical treatment of color. Due to the multiple soft-gluon exchanges,
Charmonium produced via the color evaporation mechanism is predicted to be un-
polarized [10], which is a very distinct feature compared to other models for inelastic

Charmonium production.

To obtain the cross section for a specific Charmonium state such as J/1, the

factor py is introduced:

Ty = Py X Oonium (2.2)

The factor py, is of the order of 1/Nyyium, where Nopiym is the number of Char-
monium states with mass between 2m. and 2mp. Since py can depend on the
specific state, the production process, the centre of mass energy, the transverse mo-
mentum of the charmonium, m, and the gluon density, absolute predictions in the
Color Evaporation Model are difficult. A comparison to the recent experimental
data is given in [58]. Although qualitative agreement with the data is observed, the
Color Evaporation Model receives rather little interest in the literature due to its

weak predictive power.
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2.3.2 The Color Singlet Model

The Color Singlet Model (CSM) [11], developed since 1980, was the first to
provide quantitative predictions for charmonium production in a wide variety of
environments: in hadron collisions, photoproduction and e*e™ collisions. The J/1
production is thought to proceed in two steps: in the first step, a cc pair with the
same quantum numbers - spin, angular momentum and C-parity - as charmonium
state is produced in a color singlet state; the second step contains the binding of
the cc into charmonium state. The cross section can then be factorized into a short
distance matrix element describing the cc production in a region of size 1/m.., and
a long distance factor that describes the non-perturbative dynamics of the bound
state formation. Equation 23] shows the form that the inclusive J/v cross section

takes in the Color Singlet Model:

do(J/ + X) = do(ce(1," Sy + X)|Ry(0)]?, (2.3)

where Ry (0) is the J/¢ wave function at the origin, and the notation "1” is
used to denote that cc pair is in color singlet state.

The short distance part do can be calculated using a perturbative expansion
in ag(m.), while the long distance part is related to the decay width T'; of the
charmonium:

4

2
T(Jjoh — 1M ~ 9%;2|R¢(0)|2 (leading order). (2.4)

3

° is expected

In high-energy hadronic collisions, the leading order process in «
to dominate at lower pr. Fig.22(a) is an example of a gluon fusion process, in which
the quarkonium is produced in the collision of two incoming partons. The second
main contribution at the lower pr comes from the subprocess shown in Fig.[2Z2(b),
where the c¢ states with various quantum numbers contribute to .J/v¢ production,

through y.; — J/v + v decays.

Two effects can significatively enhance the predicted cross section for the
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(a) (b)

Figure 2.2: Examples of diagrams for Color Singlet S; and *P; charmonium pro-
duction. The leading order diagram is shown in (a) and occurs at order o?; it is a
two-gluon fusion process. y.; production process, shown in (b), is the second main

contribution at the lower pr region.

prompt charmonium production at high pr. One is the parton fragmentation con-
tribution which represents a dominant source of prompt quarkonia at high energies
[12,13]. Fig.23shows a Feynman diagram involved in ¢ production via gluon frag-
mentation which is O(a?). Given that the leading order diagram, Fig.2.3(a), is the
contribution from this diagram to the total v cross section should be significantly
suppressed. Nevertheless, if the ¢ has a sufficiently large transverse momentum
pr > My, then the diagram will be dominated by configurations where the gluon
has Q* ~ Mj < E2,,,. In this case the gluon is nearly real, and diagram is
enhanced by a factor of pr/M,. When pr becomes large enough this diagram
starts dominating over the leading order diagrams. Because this process produces
a (nearly) on-shell gluon which fragments into a 1, it is referred to as gluon frag-

mentation production. The same mechanism also contributes to productions of chi,.

mesons. Actually, for the chi., one less gluon needs to be emitted, so the process

—16 —



CHAPTER 2 THEORETICAL MOTIVATIONS

is O(al). A 1 can also be produced by a fragmentation process where a charm
quark fragments, as shown in Fig.23|(b), although this is not as essential, because
the production of a charm quark is substantially suppressed in comparison with the

gluon production.

(a) (b)

Figure 2.3: Gluon (left) and charm (right) fragmentation production of ¢ in the

color singlet model.

2.3.3 NRQCD and the Color Octet Mechanism

The approach discussed here was first applied for the prediction of decay rates
of P-wave charmonium states in the early nighties by Bodwin et al. [14], and later
developed into a complete theory [15]. It is known as the Non-relativistic QCD
(NRQCD) factorization formalism. NRQCD [16] is an effective field theory [17, [18],
which treats quarkonium as an approximately non-relativistic system. In this frame-
work, charmonium production is described as two-step process: cc pair production
at perturbative level and the subsequent evolution to colorless vector meson through
soft gluon emission at the non-perturbative domain. This argument is advocated by
the fact that the cc pair is produced at distance 1/m., m.. standing for heavy quark

mass, which is much smaller than 1/Agep, the typical QCD scale for bound-state
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2.3 CHARMONIUM PRODUCTION

system. According to the color octet formulation [20], ?], the wave function of an

S-wave quarkonium state in terms of Fock state decompositions is given by
o) =0(1IQQPSI)) +O(v)|QQPP}Mg) + O QQL'SS Ig) +
0(w*)|QQLSgg) + -

where v is a typical relative velocity of constituent quarks in quarkonium state. Here,

(2.5)

the usual spectroscopic notation, 21 L;, is used, and the color state is indicated by
(1) for singlet and (8) for the octet. The production cross section for charmonium

states, e.g. A+ B — J/1¢ + X, can be expressed as
do(J/+X)=> ds(A+ B — QQ[n] + X) - (0)/*), (2.6)

where n denotes an on-shell cc pair in a definite color, spin and angular momentum
state. Since the cc pair is often produced as a color octet state in this model, the
model is named the Color Octet Mechanism (COM).

As in case of CSM, the entire process cannot be calculated using perturbative
theory. However, a non-perturbative part ca be factored out. This part is a well-
defined matrix elements, which could be calculated using lattice QCD, or extracted
from experimental measurements. It can be argued that the matrix elements is
independent of the kinematics ill the perturbative part, which results ill au unknown
normalization, but does not affect the spectrum. An important property of the
matrix elements, which greatly increases the predictive power of NRQCD, is the fact
that they are universal, i.e. process independent. Thus, a matrix element measured
at one experiment can be used to make predictions for another experiment, or
compared with the matrix element measured at that experiment. Finally, naive
power counting provides a order of magnitude estimate for the matrix element. In
terms of Feynman graphs, what happens is that one or more of gluons radiated
from the cc pair is removed from the perturbative portion, and added to the non-
perturbative portion, as shown in Fig.[24l The gluon can become extremely soft,
greatly enhancing the contribution of the diagram. In fact, a typical approximation

is to assume that the gluon carries no energy, only the excess color.
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()

g QQL’s, ]
Yo | L
i |
g9

QQ[ s

|

* | I
|
|

(®)

QQI°’s, ]

Figure 2.4: Color-octet diagrams which mediate gg — 1), production at O(a?). The

sum of these graphs vanishes when both incoming gluons are on-shell.

2.3.4 B production

The non-prompt J/¢ production is from the decay of B hadrons. The initial
interaction produces a b quark. which fragments into a B hadron that subsequently

decays into a 1 and other particles. At next-to-leading order, the diagrams for
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b quark production can be grouped into three classes, shown in Fig. 2.5l Each
of these processes has distinct characteristics. The first diagram represents the
process of gluon fusion. The bb pair produced by this reaction is separated by 180°
in azimuthal angle, and results in two well separated jets. Gluon splitting (second
diagram) tends to produce b quarks which are close together, as the mass of the
virtual gluon tends to be small. As a result, the decay products of the two quarks
may appear to come from a single parent, especially after fragmentation effects and
experimental resolution are included. The third class, flavor excitation, is often the
result of the gluon scattering off one of the virtual b quarks that form the cloud
around the valence quarks. In this case, the other b proceeds close to the initial

proton or anti-proton direction.

L

ol
ol
ol

Figure 2.5: Feynman diagrams for b production from gluon fusion (left), gluon

slitting (center) and flavor excitation (right).

After the b quark fragments into a B hadron, it can decay to a 1 or chi, through
diagrams such as Fig.[2.6l This decay is suppressed relative to the decay B — D+ X
for several reasons. First, the W must decay into ¢s, while for the B — D + X
decay, all possible W decay modes are allowed. This reduces the rate by about a
factor of three. Additionally, the ¢ must have the same color as the ¢ quark, as the
fragmentation of the color octet cc state into charmonium is suppressed. This leads

to another factor of three. Finally, the ¢ and ¢ quarks must have similar momenta,
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so that they can form a bound state. This results in the relatively small branching
ratios of B(B — J/¢X) = 1.16 £ 0.10% and B(B — ¢'X) = 0.48 + 0.24% [2].
While these branching ratios are small, it is a experimental fact that the two muons
from b decay provide a excellent experimental trigger, so the process B — ¢ X is

tremendously useful from a practical standpoint.

- X

=
&l
wl

Figure 2.6: Typical diagrams of b meson decay to charmonium states.
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2.4 Summary of the Charmonium Measurements

The models discussed above for quarkonium formation lead to different ex-
pectations for the production rates and polarization of the quarkonium states. A
prior, the same sets of parameters should apply to a variety of processes involving
quarkonium production, including the production in the hadron collisions at Teva-
tron Collider in Fermilab, in hadron-nucleon collisions at fixed target experiments,
inelastic charmonium production at HERA at DESY, associated production of a

J/1 + 7, and the measurements of quarkonium polarization.

Quarkonium production at the Tevatron

Initially, prompt production of charmonium in hadron collider was assumed to
be described in the Color Singlet Model. This approach had the benefit that all non-
perturbative aspects could be absorbed into the wave function of the quarkonium
state. This model enjoyed some success until 1997. In Run I of the Tevatron, the
Collider Detector at Fermilab collaboration (CDF) the prompt cross-sections for the
production of several charmonium states in pp collisions at a centre-of-mass energy
of 1.8 TeV [21, 22]. The CDF data for production of direct J/1, prompt ¥ (25),
and prompt J/¢ from decay of x. are shown in Fig. 27 In the CDF analysis,
prompt J/¢’s that do not come from decays of ¥(2S) or . were assumed to be
produced directly. Discrepancies between the CSM and data were also observed in
T production measurements [24, 25].

These discrepancies were largely resolved by the introduction of the Color Octet
Mechanism of quarkonium production [26]. This model allows contributions from
the production of QQ pairs in a color octet state, whose normalization are deter-
mined by color-octet matrix elements. Tab. shows the values of the charmonium
matrix elements that are obtained in the fit of Ref. [26, 27]. The color-singlet
matrix elements are taken from the potential-model calculation of Refs. [28] 29].

The color-octet matrix elements have been extracted from the CDF data with:
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Figure 2.7: Differential cross sections for the production of direct J/i(a) (left) and

1 (2S) (right) at the Tevatron as a function of pr. The data points are CDF Run 1

measurements [21]. The dotted curves are the CSM contributions. The solid curves

are the NRQCD factorization fits, and the other curves are individual color-octet

contributions to the fits. These figures have been extracted from Ref. [26].

CTEQSL parton distribution functions [30], reorganization and factorization scales

p= (p% + 4m?)¥/? and m, = 1.5 GeV/c?. The Altarelli-Parisi evolution has been

included for the (O (3S;)) fragmentation contribution. See Ref. [29] for further

details. The extraction of the various color-octet matrix elements relies on the dif-

ferences in their pr dependencies. Smaller experimental error bars could help to

resolve the different pr dependencies with greater precision.

H (Of) (O (*S1)) M
J/v | 1.16 GeV?  (1.19+£0.14) x 1072 GeV®  (4.54 £ 1.11) x 1072 GeV?
¥(25) | 0.76 GeV?  (0.50 & 0.06) x 1072 GeV?  (1.89 4 0.46) x 1072 GeV?
Xeo | 0.11GeV® (0.31 £0.04) x 1072 GeV?

Table 2.6: NRQCD production matrix elements for charmonium states obtained

from the transverse momentum distributions at the Tevatron [26].
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However, the COM polarization predictions are in disagreement with exper-
imental data: production via a color-octet state predicts a significant transverse
polarization of ¥’s and Y ’s, which have not been observed experimentally in J/1)
or ¢ (25) production at the Tevatron or fixed target experiments. Fig. 2.8 shows
that the recent Tevatron polarization measurement is inconsistent with the COM
prediction [32] 33].

A overview of the status of the production of J/v, ¢' and v in high-energy
hadron collisions is given by J. P. Lansberg [48].

08/ (a) E 08t (b) E
06F E 0.6F o CDFData 1
045 e CDFData 0.4F NRQCD E
0.2 NRQCD 1 0.2¢ — kyfactorization
s ol — ky-factorization | R T W E
E e 3 e 3
-0.2[ — ] o2k | I E
-0.4F E -0.4F I =
0.6F E -0.6F E
08 T E 08 TT——— E
= S N EE A R e S,
5 10 15 20 25 30 5 10 15 20 25 30

p; (GeVic) pr (GeV/c

(a) (b)

Figure 2.8: Prompt polarizations as functions of py: (a) J/¢ and (b) ¥(25). The
band (line) is the prediction from NRQCD [27] (the kp-factorization model [34]).

The CSM in its own has been revived recently, when it was shown that next-
to-leading-order (NLO) and next-to-leading-order (NNLO) QCD contributions [37,
38, B39, [40] as well as s-channel cut contributions [41], 42] arising from relativistic
corrections could lead to an enhancement of the production cross section of the
CSM, while predicting a polarization closer to the data. Fig[2.9] present the higher
order calculations, which offer very promising agreement with Tevatron data on
bottomonium production and polarization, while still has gaps from the charmonium
results. It is also worth noting that currently the theoretical uncertainties on the
polarization still dominate over those from experiment so no clear statement can

yet be made regarding the Tevatron results.
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Figure 2.9: (a) Cross section and (b) polarization for Y(15) production as a func-
tion of pr at CDF at /s = 1.8 TeV, with overlaid results of color singlet model
calculations (and error bands) up to NNLO. (From Ref. [40]). J/¢ (c) and 1(25)
(d) result still have gaps.

Quarkonium production in fixed-target experiments

The Fermilab E866/NuSea Collaboration measured a J/¢ polarization in
proton-copper collisions at ps = 38:9 GeV with an average polarization of 0.069 4
0.004 £ 0.080 [35], which agrees with previous fixed target findings of very small
polarization, but with substantially better accuracy. The measurement is lower

than predictions based on the COM, which range from 0.35 to 0.65. A much larger
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transverse polarization for Y(2S5) and Y(35) than for T(1S5) was also observed in
the bottomonium production in the p-Cu collisions at /s = 38.9 GeV by the E866
experiment [36] (see Fig. 2Z.10).

S 15 F T T T T T T T T T T T T T T T T T é
1.25 E
1 8 | és O] E
B O T ! T O Drell-=Yan 1
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Figure 2.10: Polarization of T mesons and Drell-Yan pairs as a function of pr and

zp in p—Cu collisions in the E866 experiment. From Ref. [36].

Quarkonium production at HERA
Theoretical calculations based on the NRQCD factorization approach also im-
proved the agreement between the rate of inelastic .JJ/1 photoproduction observed in

ep collisions and predictions [31]. Fig. 211 shows the measurements of the prompt
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J/1 cross-section by the H1 collaboration [45] and the ZEUS collaboration [46],

compared with the theoretical predictions given in Ref. [26].

—~ T I
< ® ZEUS (38 pb™) 1
N O H1 (80 pb™) (scaled)
=107 O H1 (80 pb™) high W
=
;
1
o
=
e}
= ]
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10 pT >1 GeV .
[ 1 KZSZ (LO, CS+CO) 1
[ ] KZSZ (NLO, CS) 1
0.117 <a (M) <0.121 |
1.3<m_ <1.6 GeV |
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Figure 2.11: The rate for inelastic J/¢ photoproduction at HERA as a function of
z. The open band represents the LO NRQCD factorization prediction [26]. The
solid band represents the NLO colour-singlet contribution [44], 26]. The data points
are from the H1 [45] and ZEUS [46] measurements.

A comprehensive overview [43] of heavy quarkonium physics is presented by
Quarkonium Working Group (QWG) [47]. Tab. 21 (from Ref. [43]) contains the
most recent summary of the ongoing experiments studying quarkonium production.
A subjective scorecard for the experimental results comparing with theoretical mod-
els is shown in Fig. 2121 Whereas the CSM fails to describe the charmonium pro-
duction at the Tevatron, it is more successful in describing the .J/v¢ production at

the ep machines (HERA). An absence of the .J/v polarization, observed at both the
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Tevatron and the fixed target energies is a setback for the Color Octet Model.

Experiments Colliding Vs / nucl. | Runs Recorded
Particles [GeV] Data

FOCUS/E831 ol BeO 18 96-97

SELEX/E781 | X~ 7~ C,Cu 33 96-97 15B int’s

NuSea/E866 D Cu 38 96-97 IM J/4

Hera-B P C,ALTi,W 41 00,02-03 308K J /4

HERA Run I et P 300,318 93-00 130 pb~!
HERA Run II et P 318 03-04 ~70 pb~!
Tevatron Run I p P 1800 92-96 125 pb1
Tevatron Run II p P 1960 02-04 ~400 pb~1
LEP (Iand II) | e+ e 90-210 | 89-00 3.6M bb
BES (I and II) et e 2-5 89-03 | 7.8M+58M J /9

Table 2.7: Summary of recent experiments for heavy quarkonium production from

Ref. [43].

In view of the puzzling situation, and given the large yields of quarkonia which
will be produced at the LHC, the early data collected by CMS present an excel-
lent opportunity to study quarkonia. Thanks to the higher collision energy and
luminosity, the studies of quarkonia with CMS will probe higher momentum values
than feasible at CDF and DZero, extending the test of different production mech-
anisms; CMS also offers a better pseudorapidity coverage, giving the possibility to
study many other dependencies. The precise tracking permits us to disentangle
the prompt J/1 production from that coming from B-hadron decays, and therefore
allows us to determine the B-hadron cross section with a relatively small integrated
luminosity.

Examples of studies aimed at understanding the quarkonium production mech-
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Figure 2.12: Subjective comparison of experimental results with theoretical models

(from Ref. [49]).

anism are the differential cross section and the polarization measurements. In ad-
dition, it should be possible to extract additional information by looking for obser-
vations that take into account the kinematics of particles produced in association
with prompt J/1’s [50]. To obtain a complete picture, J/¥, ¥(2S5), T (15), T (25)
and T (395) should all be investigated. Studying bottomonia, in fact, provides a
cleaner environment for testing the theoretical predictions for prompt quarkonia, as
there is no contamination from non-prompt YT ’s. Also, the heaviness of T makes
it better described by NRQCD since it moves slower, i.e. more non-relativistic.
On the other hand, the cross section of T being an order of magnitude smaller,

it will take longer time to accumulate the necessary statistics. Moreover, it should
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be pointed out that for an unambiguous understanding of quarkonium production,
direct production should be studied as well, for example x. production could be

studied by radiative decays into J/1’s.
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Chapter 3

The CMS experiment at LHC

This chapter gives a introduction to the Large Hadron Collider (LHC) built
by the European Organization for Nuclear Research (CERN), which was created
in 1954 by a convention of 12 European states. Today, CERN is composed of 20
member states and 8 observer states. CERN was founded with an aim of building
a laboratory having the most advanced scientists and technical resources. The
accelerators and the detectors are the tools necessary for the physicists to study the
basic components of our universe. The laboratory is located at the French-Swiss
border near Geneva. One of the experiments being operated at the LHC is the
Compact Muon Solenoid (CMS), whose configuration and properties are described

in the main part of this chapter.

3.1 The Large Hadron Collider at CERN

A particle accelerator and a detector together form the basis of a high energy
physics experiment. Two kinds of experiments can typically be conducted: the
collision of particles with a fixed target or the head-on collision with a similar beam
of opposite direction. The type of particle accelerate, and the energy which they
attain, determine what areas of particle physics can be studied.

In December 1994, the approval of the Large Hadron Collider (LHC) project [51]
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Figure 3.1: The Large Hadron Collider at CERN.

was given by the CERN Council. It is designed to provide proton-proton collisions
with unprecedented luminosity £ = 10**cm 257! and a centre-of-mass energy of 14
TeV, where theoretical predictions hint at a rich field of new physics. In addition
to p-p operation, the LHC will be able to collide heavy nuclei (Pb-Pb) with with

an energy of 2.8 TeV per nucleon and a peak luminosity of £ = 10%7ecm =257,

Protons are chosen as accelerated particles to reduce the energy loss due to
synchrotron radiation, which is proportional to the fourth power of E/m. Compared
to electrons, the energy loss is reduced by a factor of @ = 10'2. To achieve the design
luminosity for proton-proton collisions, two beams, each with 2808 bunches, are
filled in the LHC ring. Each bunch consists of 1.15 x 10! protons. The bunches are
separated by a gap of 25 ns. Other bunch spacing schemes are in consideration for
the early stage. To keep the particles on track, the LHC uses 1232 superconductive
dipole magnets for the beam guidance that provide a field of about 8.3 T, which
is the limit of currently available technologies. The temperature of these dipoles is

kept below 1.9 K by a liquid helium cooling system. The machine parameters for
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proton-proton operation are summarized in Tab. 3.1l

Circumference 26658 m
Centre-of-mass energy 7 TeV
Dipole field at 7 TeV 8.33 T

Radius of curvature 2812 m

Design luminosity

1034em 2571

Protons per bunch 1.15 x 10!
Number of bunches 2808
Collision rate 40.08 MHz
DC beam current 0.58 A
Stored energy per beam 362 MJ
Stored energy in magnet 11 GJ
Operating temperature 19 K

Table 3.1: Some of the LHC design parameters for proton-proton operation [4].

A schematic overview of the accelerator complex is given in Fig.[3.2l The
acceleration is performed in several stages. The proton injection starts at the duo-
plasmatron, which is the proton source. A linear accelerator (LINAC) boosts the
protons to an energy of 750 KeV using Radio Frequency Quadruples. In case of
the LHC a 30 s pulse is ejected into the Proton Synchrotron Booster (PSB) which
increases the energy to 1.4 GeV. Then the protons will be accelerated up to 450
GeV by the Super Proton Synchrotron (SPS), and they will finally be injected into
the LHC. In the LHC ring, build in the former 26.7 km circumference LEP tunnel,
the acceleration continues until the protons reach their final energy of 7 TeV. More
details about the LHC machine can be found at [52, 63].

At the four interaction points (where the counter rotating beams are brought
to collision) five experiments have been set up (Figl32l). ATLAS [54] and CMS [55]

are two complementary multipurpose experiments, designed for the same physics
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Figure 3.2: A schematic view on the acceleration complex at CERN.

program. This redundancy increases not only the accumulated cross sections in the
combined research, but more importantly, since both experiments are realized in
complementary technologies, provides a natural way of checking the findings of each

experiment. Another two detectors devoted specific topics: ALICE [56] to heavy
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ions and LHCb [57] to b-physics. ALICE, LHCb and TOTEM [58] are specialized

experiments. The TOTEM experiment will measure the total pp cross-section with

the luminosity-independent method and study elastic and diffractive scattering.
An (non-exhaustive) overview of the physics program at LHC is given below,

while the CMS experiment is described in the next section.

3.2 Physics with the LHC

The LHC will provide proton-proton collisions at the highest centre-of-mass
energy of 14 TeV and large luminosity to compensate for the low cross section of
interesting processes. Cross sections of various Standard Model processes in pp
and pp collisions as a function of energy are compared in Fig.[3.3 as well as the
expected event rates at the LHC [59]. The Higgs cross section increases steeply with
the centre-of-mass energy, while the total cross section (i.e. the background) remains
almost constant. This leads to use the highest possible centre-of-mass energy.

In high-energy inelastic proton-proton collisions the interaction involves the
partons inside the proton. Therefore the accurate knowledge of the Parton Dis-
tribution Functions (PDF) of quarks, anti-quarks and gluons is mandatory for the
interpretation of the data. The region of the fractional parton momentum z and the
momentum transfer Q? interesting for LHC physics is shown in Fig. B4, comparing
to the area investigated by fixed target experiments and at the electron-proton col-
lider HERA [59]. The fact that the two partons interact with unknown energies has
two fundamental consequences. First of all the total energy of an event is unknown,
because the proton remnants, that carry a sizeable fraction of the proton energy,
are scattered at small angles and are predominantly lost in the beam pipe, escaping
detection. Moreover, the centre of mass may be boosted along the beam direction.
Experimentally, it is therefore not possible to define the total and missing energy

of the event, but only the total and missing transverse energies.
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Figure 3.3: Expected cross sections and event rates of several processes as a function
of the centre-of-mass energy of hadron collisions [59]. Discontinuities are due to the

difference between pp for Tevatron and pp for LHC.

Standard Model Physics With the large cross sections in Fig. B3l for most
measurements of standard model physics the statistical uncertainty will be very
small. High statistics control samples will allow a good understanding of the detector

response, thus reducing the systematic uncertainty. Several precision electroweak
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LHC parton kinematics
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Figure 3.4: Values of z and Q? probed in the production of an object of mass M

and rapidity y at the LHC, /s = 14TeV [59].

measurements will be possible with the LHC, including:
e W/Z production cross section;
e Measurement of the W/Z and Top Mass;

e Drell-Yan production of lepton pairs;
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e B meson physics and CP Violation;

e Diffraction physics.

Higgs Search The Higgs boson has been directly searched for at the LEP exper-
iments and a Higgs mass below 114 GeV is excluded at the 95% confidence level.
Also an indirect search has been performed, in which the consistency between the
precise measurements of the electroweak sector of the SM and a given Higgs mass
is tested. The result is shown in Fig. and it can be concluded that a SM Higgs
boson mass should be below 182 GeV 95% confidence level [60], if the direct search
at LEP is included. If Higgs bosons are produced at the LHC, the branching ratios
of the decay modes of the SM Higgs boson will depend on the Higgs mass (see
Fig.B6l(a)). The production cross sections at the LHC for the various production

mechanisms as a function of mass is shown in Fig.B.6|(b).

SUSY Search If R-parity is conserved, then the produced supersymmetric part-
ner particles (SUSY) cannot decay completely to SM particles. If lightest and
hence stable SUSYs is neutral, it will leave the detector undetected, similar to the
SM neutrinos, leading to large missing transverse energies. This clear signature
in combination with the large expected cross sections for SUSY processes would
typically lead, already with few fb=! of data, to indications of R-parity conserving
SUSY at the TeV level. The missing energy measurement requires good hermeticy
of the hadron calorimeter.

The LHC will restart its operation in September 2009, and will soon enable
us to analyze the highest energy collisions. The first physics run will be at centre-
of-mass energy of 10 TeV with low luminosity phases, where the proton bunches
will collide every 50 ns and each bunch consists of 5 x 10'° protons. The expected

integrated luminosity of the 10 month run trough 2009-2010 is about 200 pb~!.
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Figure 3.5: x? of a SM fit to electroweak measurements as a function of the Higgs

boson mass [60]. The yellow region is excluded by the direct search.

3.3 The Compact Muon Solenoid

The Compact Muon Solenoid (CMS) [62] is located in Point 5 of the LHC. It’s
a multi-purpose detector which will be able to investigate a wide range of potential
new physics that might emerge at the LHC energy. The detector requirements
for CMS to meet the goals of the LHC physics programme can be summarized as

follows:

e Good muon identification and momentum resolution over a wide range of

momenta and rapidity, good dimuon mass resolution (~ 1% at 100 GeV).

e Good momentum resolution and reconstruction efficiency for charged particles
in the inner tracking system. Good triggering and offline tagging efficiencies

for 7’s and b-jets.
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Figure 3.6: Left: branching ratios of the dominant decay modes of the SM Higgs
boson as a function of the Higgs mass. Right: production cross sections at the LHC

for the various production mechanisms as a function of the Higgs mass. From Ref.

61].

e The electromagnetic calorimeter must have a high resolution for proper dielec-
tron and diphoton mass resolution in a wide geometric coverage. Furthermore
good 7 rejection, and efficient photon and lepton isolation at high luminosi-

ties has to be provided.

e Good missing transverse energy and dijet mass resolution requires the
hadronic calorimeter to have an almost 47 coverage and a fine lateral res-

olution.

The general layout of the CMS detector is presented in Fig.[3.7. The detector
has the classical layered structure of central detectors in high energy physics: an
inner tracker, an electromagnetic calorimeter, a hadronic calorimeter and a muon
system (from the interaction point to the outermost layer). The overall dimensions
are 22 m in length and 15 m in diameter with a total mass of 12500 t. A more
detailed overview on the CMS experiment is given in the references [55], 63].

The coordinates system in CMS are as follows: The origin of the coordinate

system is situated at the nominal interaction point. The z-axis along the beam

—40 —



CHAPTER 3 THE CMS EXPERIMENT AT LHC

Superconducting Solenoid

Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Calorimeter
Electromagnetic
Calorimeter

i

Compact Muon Solenoid

Figure 3.7: A perspective view of the CMS detector at at the Large Hadron Collider
at CERN.

direction, the x-axis points radially inward to the centre of the LHC ring, and the
y-axis directed upward, orthogonally to the z and x axes. The azimuthal angle ¢
is measured in the z-y-plane from the z-axis. The pseudorapidity 7 is defined as
n = —In(tan(0/2)) where 6 s the polar angle with respect to the beam axis in the
y-z-plane. The use of pseudorapidity instead of the polar angle is motivated by the
fact that the difference in pseudorapidity between two particles is invariant under

Lorentz boosts along the beam axis.

Tab. 3.2l summarized the characters of the CMS sub-detectors. The transverse
cross section of the barrel part is presented in Fig. The principle of detection
of charged and neutral particles in the various sub-detectors is shown. All charged
particles leave signals in the inner tracking system. Electrons and photons deposit

their energy in the electromagnetic calorimeter. Charged Hadrons (K=, 7£...) and
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neutrons deposit their energy in the hadronic calorimeter. Muon is a particle which
passes through calorimeters without interacting much, but which leaves a track of
its passage in the muon chambers. Neutrinos, barely interacting, will escape from all
direct detections. While adding the transverse momenta of all the particles detected
by the detector, one can determine the imbalance of energy in the transverse plane,

so called the missing transverse energy EMs.

Name | Type | Particle |n coverage | Technology
Tracker | track | charged [0 - 2.5]
* pixels [0 - 2.5] silicon pixels
* strips [0 - 2.5] silicon strips
ECAL | calo | e*/y/jets 0 - 3.0] PbWO,

x EB [0 - 1.479]

+« EE [1.479 - 3.0]

* ES [1.653 - 2.06]

HCAL | calo jets [0 - 3.0] Cu + scint
« HB [0 - 1.4]

« HO [0 - 1.26]

« HE 1.3 - 3.0]

Muon | track u* [0 - 2.4]

« MB 0-12] | DT + RPC
« ME [1.0-2.4] | CSC + RPC

Table 3.2: CMS detector.

3.3.1 The Magnet

The super-conducting magnet in CMS, which houses the tracker, the electro-
magnetic, and the hadronic calorimeter, is the biggest solenoidal superconducting

magnet in the world [3,4,5,6]. The calculated CMS magnet filed map is shown in
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Figure 3.8: Transverse slice through CMS showing particles incident on the different

sub-detectors.

Fig. The magnet achieves a magnetic field of 3.8 T in the free bore of 6 m in
diameter and 12.5 m in length. The energy stored in the magnet is about 2.6 GJ at
full current. The superconductor is made of four layers NbTi. In case of a quench,
when the magnet looses its super-conducting property, the energy is dumped to
resistors within 200 s.

The magnet return yoke of the barrel has 12-fold rotational symmetry and is
assembled of three sections along the z-axis; each is split into 4 layers (holding
the muon chambers in the gaps). Most of the iron volume is saturated or nearly
saturated, so the field in the yoke is just a few times lower than the field in the

central volume. More detailed information can be found in reference [64].

3.3.2 Inner tracking system

The tracker shown in Fig.[3.10is located closer the interaction point. Therefore,
the tracker has to be operated in a region with a very high particle flux. Per bunch
crossing 1000 charged particles will hit the tracker. Thus, a hit rate of 1 MHz/mm?

is expected at a radius of 4 cm. Hence, The tracker must be able to operate without
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Figure 3.9: The calculated magnetic field in CMS for a central field of 3.8 T. The
field is plotted for a cross-section of the CMS detector in the horizontal plane at
the level of the beam line [talk].

degrading its performances in the hard radiation environment of LHC and it has
to comply with severe material budget constraints, in order not to degrade the

excellent energy resolution of the electromagnetic calorimeter.

It is designed to determine the interaction vertex, measure with good accuracy
the momentum of the charged particles above 1 GeV/c, and identify the presence
of secondary vertices for heavy flavour identification. The CMS collaboration has
adopted silicon technology for the whole tracker. The tracker consists of two parts.
The inner tracker is a silicon pixel detector with a total surface of 1 m? and 66
million pixels. It is surrounded by silicon strip sensors in the outer region covering
a total area of 200 m2. The CMS inner tracker system is the largest silicon detector
ever build. The dimensions of the tracker in length and diameter are 5.8 m and 2.5

m. Thus, its acceptance is up to || < 2.5. The whole volume is pervaded by a
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homogeneous magnetic field about 4 T. More information can be found in reference

65, [60].

-1.3 -1.3 -1.1 0.9 07 -03 -03 -D.fnﬂ.i }0.3 03 D7 0.9 1.1 1:3 13
- ~ ~ hS N \ Y | | / / / ' 7 & - -
1200 o
=[] \‘\ | —=]}|[}}] 1] -2
e | ] ‘n |||| 1] 1y || || || |
) | = -
r )] ?;z ! "| "\ "| T’M Cr i | M |" " \" i
rm | f—=il |
0 TEC- —« . P TEC+
==
b 1 IR A |1 L |
a| Py IRIEEFE == 1)
_sool\ P |||||| |
|| |\||\|||||H| ||I\||||\|||I\|
wo || T = T T
oo | [ ] N |m=——2———Il[I[]]]]

-1200
-2600 -2200 -1800 -1400 -1000 -600 -200 200 600 1000 1400 1800 2200 2600

Figure 3.10: A schematic cross section section through the CMS tracker: [1] Pixel
Barrel and End Caps, [2] Tracker Inner Barrel (TIB), [3] Tracker Inner Disks (TID),
[4] Tracker Outer Barrel (TOB), [5] Tracker End Caps (TEC) [CMS].

Silicon Pixel Tracker

The pixel detector consists of three barrel layers and two end-cap disks at each
side (Fig.B.11]). The barrel layers are located at radii of 4.4, 7.3 and 10.2 cm around
the interaction point with a length of 53 cm. On each side of the barrel, extending
from 6 to 15 cm in radius, two discs are placed at |z| = 32.5 cm and 46.5 cm.
Therefore, for every charged particle with |n| < 2.5 hitting the tracker, three high
precision space points will be measured. The pixels have a cell size of 100 x 150um?.
The presence of high magnetic field causes a noticeable drift of the electrons (and a
smaller drift for the holes) from the ionization point along the track with a Lorentz
angle of about 32°. This leads to a charge sharing between pixels which, using an

analog readout, can be exploited to considerably improve the resolution, down to
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about 15 um.

Figure 3.11: The inner pixel detector. The three barrel section and the two disks
of the end-cap with blades disposed in a turbine-like shape are visible. The config-

uration shown here corresponds to the one for the high luminosity running. [CMS].

Silicon Strip Tracker

The Silicon Strip Tracker (SST) (see Fig. BI0) surrounds the pixel tracker.
The barrel and disk modules have the readout strips oriented along the z and radial
directions respectively, allowing the readout of the r¢ coordinate. The inner tracker
is made of 4 barrel layers, the two innermost are double sided, and the end-caps
count 3 disks each. The outer tracker consists of 6 layers in the barrel (the two
innermost are double sided) while the end-caps are made of 9 layers (the first, the
second and the fifth are double sided). On the whole the silicon trackers is made of
about 10 millions of channels for an active area close to 198 m?.

Since the hit density decreases with distance from the interaction point, it is

possible to increase the strip length and pitch while keeping the occupancy at the
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level of 13%. The strip length varies from 9 ¢cm to about 20 ¢cm and the strip pitch
is in the range of 80 pum to 205 um. The larger cell sizes in the outer parts of
the tracker help limit the number of needed readout channels to about 107 strips
on 15148 detector modules, covering a tracking volume of approximately 25 m?. A
position resolution in the direction parallel to the strips is achieved in selected layers
by mounting two strip modules back-to-back at a stereo angle of 100 mrad. The
tracker layout guarantees at least 9 hits per track in the pseudorapidity region of
—2.3 < n < 2.3, including at least 4 hits in stereo layers. The expected transverse
momentum resolution for 100 GeV-muons is about 12% at |n| < 1.6 and better than
10% up to |n| = 2.5.

The silicon micro-strips are essentially p-n diode structures, consisting of an
n-type substrate with a p™-type layer facing the interaction point and an n*-type
backing plate. During operation, they are sufficiently reverse-biased so as to fully
deplete them. When a charged particle passes through a micro-strip, electron-
hole pairs generated in the depletion region are swept out and a current signal is

produced.

Name No. detectors thickness (um) mean pitch (um)

TIB 2724 320 81/118
TOB 5208 500 81/183
TID 816 320 97/128/143
TEC 2512 320 96/126,/128,/143

TEC(2) 3888 500 143/158,/183
Total 15148

Table 3.3: Detector types in the silicon tracker [63].

Tracker Alignment
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The true position of the tracker modules is immanent for the high-precision
spatial resolution measurements. Deviations are caused by assembly concision, de-
formations due to cooling and stress from the magnetic field. Therefore, three
methods are used for the tracker alignment. The geometry was determined during
assembly to an accuracy of 80 to 150 pum. An infrared laser system is used for
continuous monitoring of the position of selected tracker modules. The final align-
ment is done with tracks from well known physics processes, e.g. cosmic muons, or

di-muons from J/i, T and Z...

3.3.3 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) [67] situated around the tracking sys-
tem, is supposed to make a precision energy measurement of electromagnetic inter-
acting particles like electrons and photons. The main requirements are a good
energy resolution and a fine granularity for a precise spatial resolution. Therefore,
a hermetic homogeneous calorimeter out of lead tungstate (PbWOy) crystals is used.
The crucial properties of lead tungstate crystal are, besides a high density of 8.28
g/cm?, a short radiation length of 0.89 cm and a small Moliere radius of X(=2.2
cm. When particles pass through the calorimeter, the crystals produce blue-green
scintillation light in fast, short, well-defined photon showers. The scintillation time
of these crystals is of the same order as the LHC bunch crossing time. 80% of the
light is emitted within 25 ns. The amount of light is proportional to the energy
deposit of the particle in the crystal, but the yield is relatively low so that highly
sensitive photodetectors are necessary to measure and convert it to an electrical
signal.

Fig. is the geometric layout and Fig.[3.13 shows the longitudinal view of a
quarter of the CMS detector, showing the location of the electromagnetic calorime-

ter.
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Figure 3.12: Layout of the CMS electromagnetic calorimeter showing the arrange-

ment of crystal modules, supermodules and endcaps, with the preshower in front

[67].

ECAL Barrel The barrel part of the ECAL (EB) is made up of 36 supermodules,
weighs 67.4 t and covers the pseudorapidity range |n| < 1.479. The segmentation
is 360-fold in ¢ and (2 x 85)-fold in 7, resulting in a total of 61200 crystals. The
crystal cross-section corresponds to approximately 0.0174 x 0.0174 in n-¢ or 22 x 22

2

mm? at the front face of crystal, and 26 x 26 mm?

at the rear face. The crystal
length is 230 mm corresponding to 25.8 X.

ECAL Endcap The ECAL endcaps (EE) cover the pseudorapidity range from
1.479 to 3.00. One supermodule is formed out of 25 crystals. The face cross section
here is 28.62 x 28.62 mm?. Their length is 220 mm, which corresponds to a radiation
length of 24.7 X,. Due to the strong and varying magnetic field, the read-out must
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ECAL (EE)

Figure 3.13: Longitudinal view of a quarter of the CMS detector, indicating the

location of the electromagnetic calorimeter [67].

be different: Vacuum Photo Triodes (VPT) are used.

Preshower detector For a better spatial precision a preshower detector (ES)
sits in front of the endcaps. The main aim is the identification of neutral pions,
decaying into two closely-spaced low energy photons. As the preshower has a much
finer granularity, it is possible to distinguish between those two low energy photons
and single high energy ones. The preshower covers the ranges from 1.656 < |n| < 2.6
and has a total thickness of 20 cm, which corresponds to a radiation length of 3 X,.
It is composed of two detector layers, each with lead radiators followed by silicon
strip sensors.

The expected energy resolution of the ECAL barrel and the endcaps is given
in Tab34l The total resolution is affected by several contributions and can be
calculated with
N

() (3.1)

0.9 S

(5 = ()
V(E)

where S is the stochastic fraction depends on event-to-event fluctuations in the

lateral shower, photo-statistics, and fluctuations in the energy deposited in the
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preshower absorber. C'is the constant term is caused by the non-uniformity of the
light collection, errors on the inter-calibration among the modules, and leakage of
energy from the back of the crystal. The noise term N is composed of electronic,

digitization, and pileup noise.

Contribution Barrel (n =0) Endcap (n = 2)
stochastic term S 2.7% 5.7%
constant C 0.55% 0.55%
noise (low luminosity) N 155 MeV 770 MeV
noise (high luminosity) N 210 MeV 915 MeV

Table 3.4: The energy resolution of the ECAL barrel and endcap [67].

3.3.4 Hadron calorimeter

The hadron calorimeter (HCAL) [68] situated around the ECAL, measures the
energy of hadronic particle jets and determines the missing transverse energy. It
also helps in the identification of electrons, photons and muons.

Fig. B.14] gives a schematic overview on the HCAL. The dashed lines are at
fixed n values. The hadron calorimeter barrel and endcaps sit behind the tracker
and the electromagnetic calorimeter as seen from the interaction point. The hadron
calorimeter barrel is radially restricted between the outer extent of the electromag-
netic calorimeter (R = 1.77 m) and the inner extent of the magnet coil (R = 2.95
m). This constrains the total amount of material which can be put in to absorb the
hadronic shower. Therefore, an outer hadron calorimeter or tail catcher is placed
outside the solenoid complementing the barrel calorimeter. Beyond |n| = 3, the
forward hadron calorimeters placed at 11.2 m from the interaction point extend the
pseudorapidity coverage down to |n| = 5.2 using a Cherenkov-based, radiation-hard

technology.
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Figure 3.14: Longitudinal view of a quarter of the CMS detector, showing the

location of the hadron calorimeter [68].

HCAL barrel The hadron calorimeter barrel (HB) consists in two halves, each
subdivided into 18 x 20° wedges in ¢. The absorber is mostly brass (70 % Cu and
30 % Zi) with a thickness of at least 50.5 mm. Seventeen active plastic scintillating
plates (1 x 9mm+16 x 3.7mm) are interleaved between the absorbers, corresponding
to An x A¢ = 0.087 x 0.087. This leads to 2 x 32 HB towers. The HB energy
resolution is ~ 100%/v/E with detection planes parallel to the beam pipe.

HCAL endcaps The two hadronic endcap calorimeters (HE) have a petal struc-
ture perpendicular to the beam pipe, with some overlap with the HB. Its 18-fold
segmentation provides a coverage ranging from 5° to 20° in ¢, as 1 increases. Each
HE is made of 19 scintillator planes with a thickness of 3.7 mm interspersed in 78

mm brass absorbers. HE has 2304 towers and its energy resolution is estimated to

~ 150%/v'E.
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HCAL outer Covering almost the same region as the HB, the outer barrel
calorimeter (HO) is located behind the solenoid. It is subdivided in z into 5 rings
with a 2.54 m radius, and 12 sectors in ¢. It is made of 1 or 2 layers of 10 mm
scintillator planes, depending on the pseudorapidity, 2 layers for |n| < 1.305 and
only 1 above 1.305. However, HO coverage is not complete in ¢, due to the 12 x 75

mm holes for services.

HCAL forward For the construction of the Hadron Forward (HF) steel is selected
as absorber. The collection of the energy is accomplished using quartz fibre emitting
Cerenkov light, a technology which is preferred to plastic because of its greater
radiation tolerance. Additionally, relatively faster phototubes are selected in the
HF compartment instead of hybrid photodiodes, that collect the light in the HB
and HE.

3.3.5 Muon System

As the very name of the experiment specifies it, the muon measurement is
a central part of cms, due to its unique signature. It offers many possibilities for
calibration and analysis. The Muon System relies on the combination of three types
of gaseous detectors. Like other sub-detectors, the muon system (see FiglB.I5l) is
divided into a barrel geometry (MB) and two endcaps (ME), as depicted in Fig. 4.6.
It covers 25, 000 m? with about 1, 000, 000 channels. While drift tubes (DT) are
deployed only in the barrel region (low neutron induced background) and cathode
strip chambers (CSC) in the endcaps (higher neutron induced background, large
muon rates and intense transverse magnetic field), resistive plate chambers (RPC)
complement the measurement in all the muon system thanks to their high rate
ability and time resolution. More information is given in reference [69].

The muon system is capable of providing extremely pure muon sample with
no loss and identifying narrow physics signal peaks over backgrounds. The muon

system (combined with the tracker) can identify muons with high efficiency and
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Figure 3.15: Longitudinal view of one quarter of the CMS muon system [63]. The
RPC system is limited to |n| < 1.6 in the endcap, and for the CSC system only the
inner ring of the ME4 chambers have been deployed.

with good momentum resolution in |n| < 2.4. The momentum resolution is limited
by the bending angle measurement which depends on the accuracy of the tracking
and multiple scattering. The resolution is directly proportional to the square root
of the amount of material in the muon system in units of X (radiation length) and
inversely proportional to the magnetic field. For high pr (~ 1 TeV ) the momentum
resolution is proportional to the spatial resolution of the muon chambers. Up to
the last muon station the thickness of the absorber is 16 interaction lengths. Good
muon identification is achieved by absorption of charged particles before the muon
system in ECAL and HCAL, and in the muon system by the iron yoke. Moreover,
the muon system is able to measure the charge of the muons up to about 1 TeV.

The muon system can withstand the radiation environment, high rate interaction
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background of the LHC, and strong magnetic field in the iron yoke.

An important issue for the muon system is its alignment, both internally and
with respect to the inner tracker. The misalignment originates in imperfect assem-
bly, temperature instabilities or deformations related to the magnetic field. It is
important to monitor the alignment, as the measurement of muons is based on the
combination on data from muon chambers and from the tracker. While for high pr
muons the momentum measurement depends on the bending power of the magnet
and is limited by the multiple scattering in the material in front of the first muon

station, low py muons are observed with a much better resolution by the tracker.

3.3.5.1 Drift tube system

In the barrel region, where the particle rate is low and the magnetic field is
well contained in the iron plates of the return yoke, drift chambers with standard
rectangular drift cells are used.

The drift tubes cover the pseudorapidity region || < 1.2 and are organized
into 4 stations interspersed among the layers of the flux return plates, named MBI,
MB2, MB3 and MB4 as shown in Figl3.J6l The first and the fourth station are
mounted on the inner and outer face of the yoke; the remaining two are installed in
slots within the iron plates.

The first 3 stations each contain 8 chambers, in 2 groups of 4, which measure
the muon coordinate in the r — ¢ bending plane, and 4 chambers which provide
a measurement in the z direction, along the beam line. The fourth station does
not contain the z-measuring planes. The 2 sets of 4 chambers in each station
are separated as much as possible to achieve the best angular resolution. The
drift cells of each chamber are offset by a half-cell width with respect to their
neighbor to eliminate dead spots in the efficiency. This arrangement also provides
a convenient way to measure the muon time with excellent time resolution, using

simple meantime circuits, for efficient, standalone bunch crossing identification. The
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Figure 3.16: Transverse view of the CMS barrel muon detector [55].

number of chambers in each station and their orientation were chosen to provide
good efficiency for linking together muon hits from different stations into a single

muon track and for rejecting background hits.

3.3.5.2 Cathode strip chambers

In the 2 endcap regions of CMS, where the muon rates and background levels
are high and the magnetic field is large and non-uniform, the muon system uses
cathode strip chambers . CSC chambers are multi-wire proportional chambers with
fast response time, fine segmentation, and radiation resistance, so that they can

operate at high occupancy levels and in the presence of a large inhomogeneous
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magnetic field.

CSC chambers identify muons between |n| values of 0.9 and 2.4, and are ar-
ranged in four stations placed between the iron disks of the yoke (cf. FigB.IHl).
The innermost station consists of three concentric rings, the first (ME1/1) being
closer to the interaction point than the other two. The other stations are com-
posed by two disks only. The rings are formed by 18 or 36 trapezoidal chambers,
which, with the exception of the outermost ring of ME1, are staggered with a small
overlap in ¢. Chambers are composed of six layers, each consisting of an array of
anode wires between two cathode planes. The gap is 9.5 mm thick and is filled
with a 30%/50%/20% mixture of Ar/CO,/CF4. One of the two cathode planes
is segmented into strips orthogonal to the wires. The avalanche produced in the
gap by a crossing charged particle induces a charge in several adjacent strips, an
interpolation of the signals gives a precise spatial measurement. Strips are radial
and measure the ¢ coordinate. The orthogonal coordinate (r) is measured by the
wires which, to reduce the number of channels, are read out in groups of 5 to 16.
The resolution is of the order of ~ 0.5¢m, to be compared with ~ 150um of the

strip measurement.

3.3.5.3 Resistive plate chambers

For improving the ability of muon system trigger and measuring the correct
beam crossing time when the LHC reaches full luminosity, a complementary, dedi-
cated trigger system consisting of resistive plate chambers (RPC) was added in both

the barrel and endcap regions.

The RPCs provide a fast, independent, and highly-segmented trigger with a
sharp pr threshold over a large portion of the rapidity range (|n| < 1.6) of the
muon system. The RPCs are double-gap chambers, operated in avalanche mode to
ensure good operation at high rates. They produce a fast response, with good time

resolution but coarser position resolution than the DTs or CSCs. They also help to
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Figure 3.17: The ME2 station of the cathode strip chambers [55].

resolve ambiguities in attempting to make tracks from multiple hits in a chamber.

A total of 6 layers of RPCs are embedded in the barrel muon system, 2 in each
of the first 2 stations, and 1 in each of the last 2 stations. The redundancy in the
first 2 stations allows the trigger algorithm to work even for low-py tracks that may
stop before reaching the outer 2 stations. In the endcap region, there is a plane of
RPCs in each of the first 3 stations in order for the trigger to use the coincidences
between stations to reduce background, to improve the time resolution for bunch

crossing identification, and to achieve a good pr resolution.

3.3.5.4 Performance

In total, muons are measured up to four times. Once in the inner tracking
system and tree times in the three parts of the muon system. This leads to an

overall good muon reconstruction, which is essential for many physics processes in
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Figure 3.18: The RE2 station of resistive plate chambers on the back side of the
YE-1 yoke [55].

the LHC programme.

The muon detector elements cover the full pseudorapidity interval |n| < 2.4
with no acceptance gaps. Offline reconstruction efficiency of simulated single-muon
samples is typically 95 — 99% except in the regions around |n| = 0.25 and |n| = 0.8
(the regions between 2 DT wheels) and || < 1.2 (the transition region between the
DT and CSC systems), where the efficiency drops.

Due to multiple-scattering in the detector material before the first muon sta-
tion, the offline muon momentum resolution of the standalone muon system is about
9% for small values of 1 and p for transverse momenta up to 200 GeV [63]. At 1
TeV the standalone momentum resolution varies between 15% and 40%, depending
on n. A global momentum fit using also the inner tracker improves the momen-
tum resolution by an order of magnitude at low momenta. At high momenta (1

TeV) both detector parts together yield a momentum resolution of about 5%. Note
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that the muon system and the inner tracker provide independent muon momentum
measurements; this redundancy enhances fault finding and permits cross-checking
between the systems.

A crucial characteristic of the DT and CSC subsystems is that they can each
trigger on the pr of muons with good efficiency and high background rejection,
independent of the rest of the detector. The Level-1 trigger pr resolution is about
15% in the barrel and 25% in the endcap.

3.3.6 Trigger and Data Acquisition system

As discussed in Section 5.1, the LHC is designed to operate at a very high event
rate and collision energy, there is neither the space nor detector readout bandwidth
available to store all of the data produced. The readout rate is particularly lim-
ited by data storage space. Each event in CMS produces approximately 1 MB of
processed data and the total data volume produced by the CMS detector is 100
TB per second. This huge amount is too large to be handled by current storage
and network solutions and therefore has to be trimmed to more reasonable values
through a sophisticated cascaded trigger system. The main challenge is therefore
the selection of interesting events among the huge amount of background which has
to be reduced to a manageable amount. The event rate which can be recorded for
offline processing and analysis is at the order of 150 Hz.

In order to reach this, the CMS trigger and data acquisition system (TriDAQ)
[70] comprises two stages of event selection [8, 55, 10]. Fig. depicts the archi-
tecture of the CMS DAQ and trigger system.

The Level-1 (L1) trigger [70] is primarily hardware-based processing system in
order to handle the enormous data volume from the detector and provide a trigger
decision in a very short (and guaranteed) time period of 3.2us. The goal of the
system is to reduce the data volume by an average factor of 400 (i.e. to 100kHz).

The Higher Level Trigger (HLT) [71] reduces the rate by a further factor of

1,000 and is dominated by the use of computer farm using a multi-stage iterative
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approach to reconstruction with a limiting cut-off in allowed processing time. At
this level basic tracker information is used, and initial selection based on possible
underlying physics events is made. The data produced at this level of filtering is

then recorded to disk at approximately 100Hz.

LT

40 MHz Level 1 Detector Front-Ends

Xgoer Readout
T Systems
h

Event ) Control
105 Hz | Manager —‘ B4 Builder Network 100 GB/s —‘ and

Monitor

Filter
Systems

Computing Services

10? Hz |

Figure 3.19: Architecture of CMS trigger and data acquisition system [70].

It is a common misconception that a trigger identifies ”interesting” events in
the background and select them for further processing. This would by definition
imply that one already knew what to look for; in fact the purpose of a trigger is
to discard data that are understood with our current physical understanding and
retain data relating to events that cannot be immediately identified. Of course at
the same time one must ensure that the trigger has the capability to distinguish
signatures of possible new physics and store them for further study, such as the
anticipated Higgs boson. Essentially in CMS this reduces to a selection on the
transverse energy,missing transverse energy and types of particle detected. In doing
this one is placing as few constraints as possible on the physics available to the
end-user (ignoring low energy physics for which the LHC was clearly not designed).
This is often described as inclusive triggering and is particularly important for the
first trigger stage. In addition to the requirement of efficient event selection, the
trigger must also operate with minimal deadtime (a period after a trigger during

which data cannot be taken), allowing one to maintain a high efficiency for the
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recording of useful events. This is achieved using buffers in the detector readout

combined with a fast, efficient trigger processor.

3.3.6.1 The Level-1 Trigger

From Fig. it can be seen that processing at L1 only uses data from the
calorimeters (ECAL and HCAL) and tracks from the muon systems [70]. In the case
of the muon trigger this simply involves creating a list of all the tracks detected in
a bunch crossing, sorted by their transverse momentum. The top four candidates
are then forwarded to the Global Trigger (GT) [72]. The calorimeter trigger objects
are more complicated, and fundamentally comprise two types of trigger object,
reflecting the two fundamental types of energy deposition in the calorimeter. The
first of these are electron/photon candidates mostly detected by the ECAL, which
are relatively spatially compact objects. The second type are jets from QCD events
that shower in the detector, which produce a broader energy deposition pattern,
mostly in the HCAL. The highest-ranked candidates of these types of deposition

are again forwarded to the GT.

The GT combines candidates from these two systems and uses them to make
a decision on whether to read out a particular event from the detector. The trigger
depends on the object being sought, but generally involves simple criteria such
as a single muon with a transverse momentum greater than a certain threshold.
Composite objects such as two jets combined with two forward jets can also be
used for triggering, although the types of trigger object should be kept as simple as

possible in order to avoid creating bias in the recorded data.

Tracker and pixel information is not currently used at this stage, simply because
data from these detectors is not believed to be necessary for triggering under typical
LHC conditions. Even if this belief were to change in the future, the current tracker
could not support a full trigger system, due to the incredibly large data volume

produced (far greater than that of all of the other detectors in CMS combined) and
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Figure 3.20: Structure of the Level-1 trigger system [70].

the choice of analogue optical link technology and off-detector zerosuppression.

3.3.6.2 Data Acquisition

The CMS data acquisition system processes events accepted by the first-level
trigger at a maximum input rate of a few 100 kHz. Event data are read out from
the detector and stored in readout buffers at a total rate of 1 Terabit/s. The event-
builder then assembles event fragments into full events employing a large switching
network. The high-level trigger algorithms run on a farm of O(103) commercial
processors. Each event is processed by a single processor, which has access to
the full raw event data. High level-trigger reconstruction code will be as close as
possible to the full offline analysis code, the main differences resulting from limited
processing time and the possible lack of precise calibration constants. The following

three key features of HLT software guarantee minimal processing time:

e Reconstruction on demand: trigger objects are only reconstructed if needed
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in the trigger decision. Unnecessary calculations are avoided by rejecting
events as early as possible using fast algorithms. The reconstruction and se-
lection therefore takes place in several stages (virtual trigger levels), which
roughly correspond to the functions of traditional second and third trigger
levels. There is no limitation to the number of virtual trigger levels or to the
algorithms employed except for CPU time. For historic reasons the terminol-
ogy "Level- 2”7 is used for a first high-level trigger stage based on data from the
muon systems and calorimeters while ”Level-3” refers to algorithms including

tracker data.

e Partial/Region reconstruction: only parts of detector information are analyzed

guided by the trigger objects found in the preceding trigger levels.

e Conditional reconstruction: reconstruction is aborted if further calculations
would not alter the result (for example when reconstructing additional tracks
in an isolation algorithm) or if the condition arises that resulting trigger object

would not be relevant to the trigger decision.

3.4 The CMS Computing and Software

In this analysis the CMS software framework CMSSW is used. Most of the data
samples we analyzed were published at the LHC Computing Grid (LCG) system.
A remote tool (CRAB) is used to submit the jobs to access the data samples on the
grid.

3.4.1 LHC Computing Grid

The LHC experiment, as the largest accelerator on the earth, require enormous
amounts of storage capacity and computing power during the operation of the LHC.
In addition to the collected raw collision data, there are several millions of simulated
Monte Carlo events and various reprocessed or skimmed data samples. The total

amount of data adds up to more than 15 Petabytes per year which has to be stored
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and made accessible for further analyses. These requirements can not be afforded
by single institutions or even single countries.

The mission of the LHC Computing Grid project (LCG) [13], in cooperation
with the EGEE project (Enabling Grids for E-sciencE) [45], is to build and main-
tain a data storage and analysis infrastructure for the entire high energy physics
community all over the world. It provides access for scientists to geographically
distributed computing Grid services, large parts of their computing infrastructures
are shared.

LCG is based on four layers or tiers of participating Grid sites distributed
around the globe. Fig.[3.21] schematically presents the tier structure of the LCG.
The data from the LHC experiments will be distributed according to the tier lev-
els. A primary backup will be recorded on tape at CERN, the "Tier-0” center of
LCG. After initial processing, this data will be distributed to a series of Tier-1
centers, large computer centers with sufficient storage capacity for a large fraction
of the data, and with round-the-clock support for the Grid. The Tier-1 centers
will make data available to Tier-2 centers, each consisting of one or several collab-
orating computing facilities, which can store su=®cient data and provide adequate
computing power for specific analysis tasks. Individual scientists will access these
facilities through Tier-3 computing resources, which can consist of local clusters in
a University Department like one in Peking University.

Like the World Wide Web, invented at CERN in the early 90s for research
purposes, scientific Grid projects led by CERN are expected to create new oppor-
tunities for commerce and industry. The LHC Computing Grid project, already
runs a Grid service for particle physicists spanning over 200 sites at universities and

research institutes worldwide.

3.4.2 The CMS Computing Model

The new generation of collider experiments presents challenges not only in

terms of the physics to discover and the detector to build and operate, but also in
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Figure 3.21: Schematic overview of the LCG/CMS tier structure.

terms of the data volume and the necessary computing resources. Data sets and
resource requirements are at least an order of magnitude larger than in previous
experiments. For both technical and funding reasons, it was decided to connect
computing services and resources available in the CMS groups all around the world
via the GRID computing network and to construct the CMS computing environ-
ment as a fully distributed system. All the computing, storage and connectivity
resources will be merged in one infrastructure managing the data processing, data
archiving and Monte Carlo event generation. The system will be available to all
CMS collaborators, independently of their physical locations.

Overview of the CMS computing model is shown in Fig.[3.220 The CMS com-
puting model [74] defines a hierarchy of the computing centres available to CMS.

Three levels or ”Tier’s” are defined and interconnected:

e the Tier-0 Centre at CERN

The CMS Grid centre, called Tier-0, is located at CERN. All raw collision
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Figure 3.22: Overview of the CMS computing model.

data selected by of the CMS trigger system will be collected on tape and
performed a first reconstruction of desired physics objects. The raw and first

reconstruction data will be distributed to the Tier-1 centres.

the Tier-1 Centres

Currently eight centres are each responsible for the safe keeping of a share of
the (second copy of the) RAW and reconstructed data. These centres should
have enough CPU power for large-scale reprocessing steps. Their data-product
are then distribution to Tier-2 centres, while shares of the simulated data

produced in the Tier-2’s are stored in the Tier-1 centres too.

the Tier-2 Centres

Tier-2 centres are hosted at several CMS institutes all around the world. A
typical Tier-2 divides its resources between local institute members and the
CMS community as a whole. In general, they provide storage capacities for
some smaller skims or AOD (Analysis Object Data) datasets used by physi-
cists for their final analyses on a flexible and easy to access computing farm.
Like in case of the Tier-1s, a Tier-2 has to support offline calibration and
alignment tasks. Another duty is the production of Monte Carlo datasets and

the subsequent transfer to their associated Tier-1 for long term storage.
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Hence, the input files for a physics analysis are to be found distributed over
the Tier-2 sites. In order to run on the data, jobs should be created, consisting
mainly of a configuration file, and send to the sites where the data is located. On
a fair share basis, the job is offered a computer node at the given Tier-2 where the
job is executed. The resulting output files are then sent back to a storage element
selected by the user and can be used for the production of the final physics results.
This procedure was followed to access the simulated top quark event data used as

an input to the analyses presented in this work.

3.4.3 Simulation and reconstruction software of CMS

In this analysis the CMS software framework CMSSW [75] is used. It’s a
modular collection of software which is built around the Event Data Model (EDM)
and includes the dedicated services which are needed by simulation, reconstruction,
detector calibration and alignment. A schematic overview of the software framework
is given in Fig.[3.23l

Data is stored in the Event Data Model (EDM), which is capable to hold
different types of data from Monte Carlo simulations, raw detector readout, or
reconstructed high level objects needed for the physics analysis. The CMSSW
framework is modularized in that way that only those parts of the software are
loaded which are necessary for the individual job. As mentioned in chapter 2, on
the first-level-trigger computer farm a lighter and faster version of the CMS software
is run for preselecting the events coming from the detector.

The CMS event data model is centered around the concept of an Event as a
C++ object container for all RAW and reconstructed data pertaining to a physics
event. During processing, data are passed from one module to the next via the
Event, and are accessed only through the Event. The output data is capable to
hold different types of data from Monte Carlo simulations, raw detector readout, or
reconstructed high level objects needed for the physics analysis. All objects in the
Event may be individually or collectively storable as ROOT [76] files, and are thus
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directly browsable in ROOT.

The CMSSW framework implements a software bus model wherein there is one
executable, called cmsRun, and many plug-in modules which run algorithms. This
allows to use same executable for both detector and Monte Carlo data. This frame-
work is distinct from a more traditional approach in which several executables are
used, one per task or set of tasks. The CMSSW executable, cmsRun, is configured
at run time by the user’s job-specific configuration file (set of parameters). This file
tells cmsRun which data to use, which modules to run, which parameter settings to
use for each module, and in what order to run the modules. Required modules are

dynamically loaded at the beginning of the job.
Service

* *
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! Add products
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Figure 3.23: A schematic overview of the software framework.
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Chapter 4

Event generation and Monte-Carlo

samples

Below information will be given on the generation of the Monte Carlo samples

used.

4.1 Prompt J/i) generation in PYTHIA
4.1.1 Processes

We have produced J/1 events using PYTHIA 6.409 [77]. The implementation
[78] is based on the NQRCD approach and quarkonium production via the leading-
order singlet and octet mechanism. A summary of sub-processes for all the available
color-singlet and color-octet production in PYTHIA is given in Tab.4.Jl With
MSEL(61)=1 all are switched on. Detailed information about prompt quarkonium
generation can additionally be found in Ref. [50].

The octet cc-states have a mass of 3.1 GeV/c?. The values of the NRQCD
matrix elements are taken from Ref. [83]. We have modified the default branching
ratios for the radiative decays of the y-states into J/1’s to correspond to the recent
PDG values [2]. The polarization in event generation has been set to zero, and will

be modified by event-weighting later. Production via x states is included. In this
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Colour-singlet /octet production in PYTHIA

Charmonium subprocesses | Bottomonium subprocesses

421
422
423
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429
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437
438
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g+q— g+ cePSY] | 468 | q+q— g+ bbPSE)
q+q— g+cc[15(()8)] 469 | ¢+ q— g+bb[18(§8]

] d

470 | ¢+ q— g+ bb*P

J J
g+g— PP +g | 471 | g+g— PPV + g
g+g— PPV +qg | 472 | g+g— 0PI + g
g+g— PPV +g | 473 | g4+g— bI;[?’P(1 J+g¢

g+q—q+ccPPP] | 474 | g+ q— g+ bbPBPY)]
g+q—q+ CE[3P1(1)] 475 | g+q— q+ bb[3P1(1)]
g+q—q+cePP) 476 | g+ q — q+ bb[PPY)

qg+q— PPV +g | 477 | g+ q— PP+ g
g+ q— PPV +g | 478 | q+q— PPV + g
g+ q— PPV +g | 479 | g+ q— PPV + g

Table 4.1: Color-singlet/octet production sub-processes and their corresponding

ISUB indices in PYTHIA [77] (in the left side of each column).

study we forced the J/v to always decay into p*u~, the branching ratio of which

is 5.93%. The following features are included.
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4.1.2 Cross section regularization

An event re-weighting function is used to allow the quarkonia cross section to be
dampened at small pé/ ¥ values, in analogy to the underlying event (UE) formalism
in PYTHIA [79, [80] where the gg — gg cross section is dampened at small transverse
momentum. Since prompt quarkonium production takes dominantly place via gg —
g9, this dampening naturally applies here too. Cross section dampening is switched
on with MSTP(142)=2. The damping is realized by giving each event a weight w;

according to

w; = O reweighted _ < ﬁ%‘ )2(055(29%0 + Q2)>3 (41>

P, + D7 as(Q?)

Onot reweighted

where pr is the transverse momentum evaluated in the rest frame of the scattering,
(Q? the momentum transfer scale, and pr, the regularisation scale, used also in the
underlying event cross section regularisation. The latter is a free parameter of the
model, empirically of order 2 GeV/c at the Tevatron Run 2 (y/s = 1.96 TeV) [81]. It

is not apriori clear what py, would be at LHC energies, but is generally believed to

PARP(90
o BPARP(90)

grow with s [77]. The default energy dependence in PYTHIA is py,
EY16 the value of 0.16 being inspired by the rise of the total cross section with the
Pomeron term, %% = p20.08 — po0.16,

To retain the analogy with the underlying event formalism, where PARP(82) is
the regularization scale of the transverse-momentum spectrum for multiple interac-

tions, and extrapolating the prp, value determined at 1.96 TeV to the LHC energy,

the parameter pg, for quarkonium reweighting is

14TeV

E.. PARP(90)
> 1.96TeV

0.16
= 194GV ( )~ 2.60Gev
(4.2)
The value of PARP(82) was determined for CMS to be 1.94 GeV, see Ref. [82].
As can be seen from Eq. (£1]), at small pr, and thus small p%/ ¢, a suppression is

obtained, while at large pr, and thus large p%/ ¢, the cross section is unmodified.
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4.1.3 Shower activity associated with quarkonium production

The main advantage of the use of PYTHIA is the fact that parton cascades
for the color-octet states are included. Indeed, showers are expected for a colour
octet state arising from two contributions: 1) repeated g — gg branchings before the
branching g — c¢, and 2) from the radiation off the color octet cé-state once formed.
PYTHIA contains dedicated switches (MSTP(148) and MSTP(149)) to regulate the
shower activity off the color-octet states by modifying the Altarelli-Parisi evolution

of the color-octet states.

4.1.4 Tuning of PYTHIA parameters with CDF data

The main switch for generating quarkonia is MSEL(61)=1 (see Sec. ALIT]).
However, there are several PYTHIA parameters which should be tuned carefully

for quarkonium generation at CMS.

e The NRQCD matrix elements. The tuning |26, 83], listed in Table 4.2} is
determined from the CDF data for p};/ ¥ >8GeV /c by the Parton Distribution
Function (PDF) CTEQ5L. It is important to note that all > P; octet states are
simulated using a single NRQCD matrix element <0[3P§8)]> with the relation
of (0P PY]) = (27 + 1) (o[ F)).

e The cross section dampening at low transverse momenta (see Sec. LI1.2]).
As recommended, we make use of cross section reweighting and thus set

MSTP(142)=1.

e The shower-activity switches MSTP(148) and MSTP(149) (see Sec. L 1.3)). It
is recommended to switch on MSTP(148), allowing for showering. We have
chosen to switch on MSTP(149) as well, to allow for a relatively large amount

of showering.

e The polarization switches MSTP(145-147).  With MSTP(145)=0 non-
polarized quarkonium is produced. If MSTP(145) is chosen to be 1,
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PYTHIA parameter | Value | Matrix element
PARP(141) 116 | (O(J/4)[FS™M))
PARP(142) 0.0119 | (O(J/¥)[PS®])
PARP(143) 0.01 | (O(J/¥)['S®))
PARP(144) 0.01 | (O(J/)[FPE]) fm?
PARP(145) 0.05 | (O(xw)PPYV]) m?
PARP(146) 9.28 | (O(T)PS{M])
PARP(147) 0.15 | (O(T)PSY))
PARP(148) 0.02 | (O(T)['S$])
PARP(149) 0.02 | (O(T)EPP))/m2
PARP(150) 0.085 | (O(x0)[PPS"]) /m3

Table 4.2: J/¢) and T NRQCD matrix elements and corresponding parameters in
PYTHIA. See Refs. |26, [83].

MSTP(147)=0 (helicity=0) is used to generated longitudinally polarized
quarkonium and MSTP(147)=1 (helicity==+1) is used to generated trans-
versely polarized quarkonium. Here MSTP(145-147) have been set to zero,
i.e. no polarization. The polarization can be adapted at a later stage by

event-reweighting.

e General switches, not specifically related to quarkonia, such as PDFs, ay, etc.
Since the NRQCD elements we used are determined from CDF data with the
parton distribution function of CTEQSL, we have used this same PDF. We
made use of the default Underlying Event settings that are used for most of

the Monte Carlo productions in CMS [84].

With these parameters, we first made some productions with pp collision at
Tevatron energy: 1.80TeV and 1.96TeV. The resulting cross sections fitted reason-
ably well with the CDF experiment data, as shown in Fig. 4.1l
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Figure 4.1: Prompt J/1) differential cross sections in pp collision at Tevatron energy:

1.80TeV (left) and 1.96TeV (right) respectively.

The production of T(1.5), as well as ¥(25), T(25) and Y (35) can be established
by changing the processes and the values of NRQCD matrix elements.

4.2 Overview of the used Monte Carlo samples
4.2.1 Prompt J/i) event samples

For the current study we have used samples of Monte Carlo generated signal
and background events. A list of all the official and private MC event samples
used in this analysis is displayed in Tab.[d.3 In CSAO07 production, based on
the tuned parameters described above, two million prompt J/v¢ — putpu~ signal
events were generated and simulated in CMSSW_1.4 2, and then reconstructed in
CMSSW_1.6_7. At generator level, only events who have two muons with the fol-

lowing kinematic criteria were retained for the detector simulation:

pr(p) > 2.0 GeV/e,

In(p)| < 2.5,
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where pr(p) is the transverse momentum of muon and 7(u) is its pseudorapidity.

The effective cross section for prompt J/1 of this sample can be estimated by:
o(prompt) = o(pp — J/¢ + X) - BR(J/1) — u1™) - €xine (4.4)

where €, = % is the probability of a event to pass the kinematic cutshl Taking

into account the experimentally measured value

BR(J/¢ — ptp~) = (5.93 £0.06)%, (4.5)
the total effective cross section is estimated as:
o(prompt) = 30001 (4.6)

The differential cross section at CMS for prompt J/v is shown in Fig.[L.2] and
compared to that for J/v¢ from B-hadron decays.

4.2.2 Non-prompt J/i) event samples

The non-prompt J/v sample used for the current analysis consists of one million
inclusive b — J/¢ — ptpu~ events.It contains an admixture of b-flavored hadrons
(B*, B, B%andb — baryon), decaying into final states with a J/v resonance. The
sample is in the CSAQ7 production by using the generic QCD 2—2 event generation
in Pythia (MSEL=1). The first generator filter requires two b quarks which will
hadronize into two bottom hadrons. One of the two bottom hadrons is forced to
decay with a probability into J/1¥X which always decay into two muons, and the
other is forced to decay in leptonic or semi-leptonic modes. The second filter is the
same as used in the prompt J/¢ sample , Equation L5 The effective cross section

for non-prompt J/1 can be estimated in the following way:
o(B-decay) =2 - o(pp — bb+ X) - BR(b— J/¥) - BR(J/$ — p*pi7) - €0 (4.7)

where ¢,;,, is the probability to pass the kinematic cuts. The production cross

section of the bb pairs at LHC is estimated to be 500 nb (see Sec.2.3.4]). Assuming
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the following branching fractions for the individual decays

BR(b— J/) = (1.16 + 0.10)%, (4.8)
BR(J/Y — ptu™) = (5.93 £ 0.06)%, (4.9)

the effective cross section can be estimated as:

o(B-decay) = 51.4nb (4.10)

ﬁ cross sgctlon at\E=l4TeV, h|<2.4 ‘W
S L ]
8 10°F
s b — Prompt J/Y
5 [
’1\ 10
=3 A O S S b Ed J/l.IJX
1 [
9‘ B —
2"
B f ]
glg™e E
wE E
7\ L1l ‘ I ‘ L1l ‘ I ‘ I ‘ L1l ‘ I ‘ I ‘ L1l \7

5 10 15 20 25 30 35 40 45 50
P, (GeVic)

Figure 4.2: Prompt and non-prompt .J/v differential cross sections in pp collision

at 14 TeV in the range |n;/y| < 2.4.

4.2.3 Background samples

As background events we have considered any other source of muons that,
when paired, could accidentally have an invariant mass close to the J/1 mass. The

following sources of background events were considered:

e generic QCD 2—2 events produced with Pythia (MSEL=1), requiring the
presence of one p with pf. > 2.5 GeV/c and |n,| < 2.5, mainly coming from

heavy flavoured quark decays. These events are referred to as "muon enriched
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QCD background” in the following. Although this sample does take into

account background combinatons of one prompt muon and one fake muon (see

Sec. 77), background from combinations of two fake muons are not included.

The effect of omitting this background is small and will be discussed in the

systematic uncertainties.

e Drell-Yan events, where both muons have pf. > 2.0 GeV/c and |n,| < 2.5.

Overall, about 2 million prompt J/v events, 1 million B-hadron decays events, 2

million Drell-Yan and 20 million muon enriched minimum bias events were produced,

processed through a full GEANT based detector simulation, and passed through the

standard CMS reconstruction program.

Sample Production Ny o (mb) /c (pb~ 1) | pre-selection
Charmonium_Pt_0_-20 CSAQ07 1021134 0.3544 3.03 2u ph > 2.0GeV/e, |n,| <2.5
Charmonium_Pt_20_inf | CSA07 1012650 1.014e-4 | 416 2u pl > 2.0GeV/c, Inu| <2.5
B —J/p— up CSAO07 556324 54.71 12.2 2u ph > 2.0GeV/c, |n,| <2.5
B —=J/vy— up CSA07 509527 54.71 11.2 2u ph > 2.0GeV/e, |n,| <2.5
Muon_ppMuX CSA07 20697806 54.71 0.45 1n p; >2.5 GeV/c, |nu| <2.5
J/v soup CSA07-Stew 410718 HLT J/v trigger

Drell-Yan Private 131179 1.051e-4 19 2p ph >2.0 GeV/e, |n,| <2.5

Table 4.3: Events samples, number of filtered events Ny, o the total cross section

before pre-selection, integrated luminosity, and generator filter cut. CSAQ07 samples

in CMSSW_1_6_X.

4.2.4 Data streams and analysis strategy

The analysis chain consists of two different steps. First, the data are skimmed

using a loose pre-selection that requires the presence of a J/v as selected by the

HLT trigger (see next Section). At this stage we will select also a subset of events

skimmed requiring a single muon HLT trigger with the lowest p7 (depending on

which trigger menu will be available at the precise instantaneous luminosity of
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LHC) and that will be used for measuring most of the efficiencies using a tag and
probe method.
In the second step, the analysis is performed using the final selection offline

criteria.
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The CMS muon and J/y trigger

This chapter presents the CMS muon and J/1) trigger system and performance.
To study the latest trigger menus, the event samples in summer 2008 production

were used, which is produced in CMSSW_2_1_8.

5.1 The CMS Muon Trigger system

As mentioned in Sec.[3.3.6] the CMS experiment uses a two-level trigger algo-
rithm: a hardware-based Level-1 (L1) trigger and a software-based single stage High
Level Trigger (HLT), running on a dedicated farm of commercial processors. The
HLT reduces the output rate of the L1 trigger (100 kHz) to a value of approximately
100 Hz, limited by present storage capabilities. The bandwidth of 100 Hz should
be shared between all physical channels of interest.

The L1 Trigger has to take the decision whether to accept or to reject an event
for each bunch crossing with negligible deadtime. The crossing interval of 25 ns is
too short to process the complete trigger information, therefore a pipelined system
that stores the data during a latency time of 3.2 ps has been conceived. The rate
reduction capability is designed to be at least a factor of 106 for the combined L1
and HLT, as the highest rate that can be archived by the on-line computer farm
is of the order of 100 Hz. The maximum bandwidth allocated to the L1 Trigger is
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100 kHz, in accordance with the input capacity limit of the HLT processor farm.

However, at the startup of LHC, it will be reduced to 50 kHz for operational reasons.

5.1.1 The Level-1 Muon Trigger

The overall structure of the CMS Level-1 trigger is shown in Fig. 3200 It
consisted of three main systems: the Calorimeter Trigger, the Muon Trigger and
the Global trigger. The Level-1 triggers are based on selecting trigger objects, which
are candidate electrons or photons, muons, jets, 7 -jets as well as total and missing
transverse energies and jet multiplicities. Neither the silicon inner tracker nor the
pixel vertex detector takes part in the Level-1 Trigger.

The task of the Muon trigger [70] is to identify muons, reconstruct their posi-
tion and transverse momentum and provide bunch crossing assignment with high
purity and efficiency. All three CMS muon subsystems take part in the trigger and
can deliver information on transverse momentum and location of muon candidates.
The tracking chambers in the barrel and in the forward regions are equipped with
electronics suitable for triggering. Precise timing information is delivered both by
the drift tube (DT) and cathode strip chambers (CSC). The resistive plate chambers
(RPC) mounted on the tracking chambers are dedicated trigger chambers.

In the DT and CSC Trigger, local trigger electronic identify track segments at
the muon stations based on the signals of multiple layers of chambers. Segments
are then matched by the DT and CSC regional track finder, which reconstruct
muon tracks and estimate their pr. Besides precise position information. the track
segments also include information on the track direction and quality. The CSC
system covers the end-cap region up to |n| < 2.4. However, the trigger electronics
will not be installed in the region above |n| = 2.1, effectively limiting the muon
trigger geometrical acceptance to |n| < 2.1. The RPCs provide limited spatial
resolution, but excellent time resolution, of a order of few nanoseconds. Six layers
of RPCs are present in the barrel and four in each end-cap. No local reconstruction

step is present in the RPC trigger, since the measurements in each RPC chamber
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are simple points.

Since three different muon subsystems take part in the trigger, CMS needs
an entity to determine unique muon candidates. This entity is the Global Muon
Trigger. It sorts the DT, CSC and RPC candidates and tries to match them. It
achieves an increased efficiency with respect to the three separate muon systems,
whilst reducing trigger rates and the occurrence of fake muons. The Global Muon
Trigger also correlates muon candidates with regions in the calorimeter in order to
confirm minimal ionization and to apply isolation criteria.

At a luminosity of 1031em 257!, the Level-1 single-muon rate is about 1 kHz
for thresholds as low as 5 GeV while the di-muon rate is smaller than 20 Hz at the
lowest useful threshold of 3 GeV. More detailed information on Level-1 rates as a
function of pr can be found in the Appendix of Ref. [?].

The distribution of transverse momentum and pseudorapidity of signal muon
tracks, reconstructed by the level-1 trigger are presented in Fig.[5. 1l The muon
efficiencies as a function of pr and 7 are present in Fig.[5.2l The efficiency of Level-
1 muon is above 97% when it’s transverse momentum larger than 5 GeV/c. If a
muon in barrel region has a transverse momentum smaller than 5 GeV/c, it has few

hits in DT and hardly to be triggered.

5.1.2 The High-Level Muon Trigger

The High Level Trigger (HLT') [70] is the second step of the online CMS selection
chain. Its goal is to reduce the event rate from the maximum Level-1 output rate of
100 kHz to a rate of O(100) Hz. This is the maximum acceptable rate for storage
and further processing, given that the average event size after zero suppression is of
the order of 1 MB. The HLT is implemented on software running on a single farm
of commercial processors, each processing one full event at a time.

It is customary to identify two steps, the Level-2, where the data of the
calorimeters and muon detectors are used, and the Level-3, which also utilizes the

full information from the inner tracker, for which reconstruction is more time con-

— 83—



5.1 THE CMS MUON TRIGGER SYSTEM

3

><\1\ T T T T T T T T T T T T T LlMUOnPT FrooT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TT LlMuonEta
-EU)'_)OO B ! Entries 1508877 C [ 7| enves asooary
[} = Mean  4.999 60000~
Li L RMS 3.07 r ]
400 7 500001~ .
3001 ] 400001 ]
i ] 30000F {
2001 j B .
i 1 20000F 1
100F ] : ]
A ™ L
O ﬂ H H L ” L H L ” ‘ 01 b1 h L L L L L7 O : IV ‘ Ll ‘ L4l :
5 10 20 25 =2. 115 2 25
P, (GeVic) n

Figure 5.1: Distributions of transverse momentum (a) and pseudorapidity (b) of

muon trajectories reconstructed with L1 trigger.
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Figure 5.2: (a) L1 muon efficiencies as a function of p. , integrated over the pseu-
dorapidity range |7,| < 2.4; (b) L1 muon efficiencies as a function of 7, , integrated

over the pr range |pf| > 3GeV/ec.

suming. Additional rate rejection is obtained at both levels by the use of isolation
algorithms. The HLT reconstruction algorithms are implemented using the concept
of regional reconstruction, that is the ability to reconstruct an object using only

the information coming from a limited region of one (or more) sub-detectors. This
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leads to significant CPU savings and allows discarding uninteresting events even
without reading out the full event. Regional reconstruction requires prior definition
of a region of interest; therefore each trigger level uses the candidates reconstructed
at the previous level as seeds. The steering of the HLT software is based on the
concept of reconstruction on-demand, i.e. algorithms are executed only when (and

if) the corresponding piece of information is requested.

5.1.2.1 The Level-2 Muon Reconstruction

The Level-2 step improves the Level-1 muon trigger response using the full
resolution of the muon detectors. It consists of regional reconstruction based on the
iterative Kalman Filter method [86]. The selection is based on a cut on the pr of
reconstructed muons.

Track seeds are initially created using Level-1 muon candidates. Starting from
this seed, hits to be included in the fit are looked for iteratively. At each step, the
trajectory is extrapolated to the closest layer of detectors, where local reconstruction
is performed only in the chambers compatible with the extrapolated state, according
to the principle of regional reconstruction. The results of local reconstruction are
track segments in the DT or CSC systems, or three-dimensional hits for the RPCs.
They are used to update the estimate of the trajectory parameters with the Kalman
Filter method. This procedure is repeated until the fit reaches the last station. The
result is a track state at the outermost muon station, updated with all available
measurements. This is used as seed to the actual fit, which is performed in a similar
way going inwards to the detector center.

Ghost tracks are then removed and the trajectory is extrapolated to the point
of closest approach to the beam line. The nominal interaction point with its spread
is included in the track fit. A cut on the y? of the fit reduces the contribution of

non-prompt muons produced by decays of kaons and pions.

The typical pr resolution obtained by the Level-2 reconstruction, for muons
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coming from J/v¢ decays, is about 10% in the barrel, 16% in the end-cap and 21%
in the overlap region. The improvement in the resolution with respect to the Level-
1 trigger allows to reduce the muon rate by almost an order of magnitude. The
efficiency of Level-2 muon reconstruction is about 95% for a muon with pr > 7GeV/c
and 45% at 3GeV/c < pr < 4GeV/c. Fig. B3l gives the efficiencies as a function of

pp and 7, , comparing with the Level-3 reconstruction.

5.1.2.2 The Level-3 Muon Reconstruction

At Level-3, muon tracks are reconstructed using data from the full tracker
system. The resulting improved resolution allows a much sharper pr cut than at

Level-2.

The Level-3 reconstruction starts with the definition of a “region of interest” in
the silicon detectors, based on the parameters and uncertainties of the Level-2 track
after the vertex constraint. Regional track reconstruction is performed using tracker
hits within this region.

Seeds are generated from pairs of reconstructed hits from the pixel detectors
or the double-sided silicon strip layers. A beam spot constraint allows an estimate
of the trajectory parameters of these seeds, whose number is limited by a cut on
their minimum transverse momentum.

The seeds are then used to perform reconstruction within the region of interest
using the Kalman Filter method. Starting from the seeds, compatible hits are
searched for in the subsequent layers. If more than one is found, a new trajectory
is created. These trajectories are grown in parallel, but to avoid a combinatorial
explosion their number is limited by selecting them on the basis of the y? of the
fit. If no hit is found on a layer, the search is repeated in the following layer. The
track is discarded if no hit is found in more than four consecutive layers. After
the trajectories for all seeds have been generated, the trajectories with the lowest

x? are selected among those that share more than half of their hits. Finally, the
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trajectories are refitted including also the hits of the Level-2 track reconstructed in
the muon chambers.

The typical pr resolution obtained by the Level-3 reconstruction, for muons
coming from .J/v decays, is about 0.8% in the barrel, 2.0% in the end-cap and 1.5%
in the overlap region. Fig.[5.3] shows the efficiencies of Level-3 muon reconstruction
as a function of p4. and 7, , comparing with the Level-2 reconstruction. Muon with

pr > TGeV/c will have a probability of 80% to be reconstructed as a Level-3 muon.
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Figure 5.3: (a) L2 and L3 muon efficiencies as a function of pf. , integrated over the
pseudorapidity range |7,| < 2.4; (b) L2 and L3 muon efficiencies as a function of 7,

, integrated over the pr range |pf| > 3GeV/c.

5.1.3 The Muon Trigger Paths

5.1.3.1 The single and double muon trigger

The Trigger Study Group (TSG) [87] provided two start-up trigger menus called
"8E29” and "1E31”, according to the instantaneous luminosities where they are ex-
pected to be effective. Tab.B.Ilshows the names of the muon trigger paths, including
their Level-1 seeds and HLT py and n thresholds. A single muon trigger is based on

the Level-3 (combined muon system and tracker) HLT muon reconstruction, with

— 87—



5.1 THE CMS MUON TRIGGER SYSTEM

thresholds on pr and n. The Level-1 single muon trigger is required as input. A
double muon trigger, using Level-1 double muon trigger as input, and requiring two

Level-3 muons with certain selection criteria.

HLT path L1 seeds Description

HLT _Mu3 L1_SingleMu3 one L3 muon pr > 3GeV/c, n| < 2.1

HLT Mub L1_SingleMu3 one L3 muon pr > 5GeV/c, |n| < 2.1

HLT _Mu9 L1_SingleMu? one L3 muon pr > 9GeV/c,|n| < 2.1
HLT _DoubleMu3 L1_DoubleMu3 | two L3 muons pr > 3GeV/c,|n| < 2.4

two L3 muons pr > 3GeV/c, |n| < 2.4
mass window cut [2.8, 3.4] GeV/c?

HLT _DoubleMu3_JPsi L1_DoubleMu3

two L3 muons pr > 3GeV/c, |n| < 2.4
HLT _DoubleMu3_Upsilon | L1_DoubleMu3

mass window cut [8, 12] GeV/c?

Table 5.1: Some of the HLT muon trigger path: names, L1 seeds, thresholds.

At the LHC start-up, some relaxed single-muon trigger path are used to collect
as much muon events as possible. The lowest py threshold for a detectable muon in
the muon chambers is pr > 3GeV/c, which is unprescaled at the first luminosity. In
the second menu, events which have at least one Level-3 muon with pr > 5GeV/c
are reduced at Level-1 trigger by a prescale factor of 25. Events with at least one
Level-3 muon py > 9GeV/c are unprescaled. The double muon trigger with low
rates will not be prescaled in neither two luminosity scenarios. Two special double
trigger, J/v and T trigger which will be described in the following section, are used

to collect the events with di-muon resonance for detector calibration and alignment.

5.1.3.2 J/1y trigger architecture

Since the di-muon channel of J/¢ and T can be an important source for detector
calibration and alignment at the pilot run, the HLT trigger group would like to
increase the rates for J/¢¥ — pu signals as much as possible for the luminosity of

1032 em~2s7!, which corresponds to the integrated luminosity of the first 1 fb~!
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data.

In CMS a dedicated J/1) trigger will be used, a schematic overview of which is
given in Fig.[54l The trigger consists of Level 1 (L1), Level 2 (L2) and Level 3(L3)
[70]. Although detailed studies are still ongoing, the current understanding is that

a double muon trigger will be used, which will be unsprescaled.

L2 muon
reconstruction

L3 muon
reconstruction

L1 DoubleMus3: L2 J/y filter: L3 J/y filter:

MaxEta = 2.5 MaxEta = 2.5 MaxEta = 2.5

MinPt =3 MinNhits = 0 MinNhits = 0

MinQuality = -1 MaxDr = 100. MaxDr = 2.

MinN =2 MaxDz = 9999. MaxDz = 9999.
ChargeOpt =0 ChargeOpt =0
MinPt = 3 MinPt = 3
MinlnvMass = 1.0 MinlnvMass = 2.8
MaxInvMass = 5.0 MaxInvMass = 3.4
NSigmaPt = 0. NSigmaPt = 0.

Figure 5.4: Architecture of J/1 trigger.

At L1, a double muon trigger with a pf. threshold of 3 GeV/c is used. L1 muon
candidates are then used to seed the reconstruction of L.2 muons in the muon cham-
bers. At this stage the transverse momentum reconstruction of the muons is refined
by using the beam spot constraint. After L2 muon candidates are reconstructed
they are used to refine the filter for J/v. At least two L2 muons with opposite
charge and transverse momentum above 3 GeV/c are required. Furthermore, the
invariant mass of these two muons should be between 1 and 5 GeV/c?. This large
mass window allows to efficiently select the J/1 resonance, due to the (still) poor

momentum resolution of the L2 muon reconstruction. In fact, as shown in Fig.
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B.0(left) |, the invariant mass of L2 muon pair from J/1) meson decays is found to
have a width of about 340 MeV /c?.

Muons from L2 reconstruction are input to the L3 reconstruction step, where
the tracker information is used. The track parameters and uncertainties of the L2
muon constrained to the interaction region define a rectangular n¢ region in the
silicon tracker where tracks are reconstructed from the hits of the tracker and the
muon chambers, leading to L3 muons. The L3 J/1 filter requires at least two L3
muons with opposite charge and transverse momentum above 3 GeV/c, and their
invariant mass between 2.8 GeV/c? and 3.4 GeV/c?. The accepted mass window
(Fig. B.3)) is larger than the current resolution in the invariant mass, in order to
allow for sufficient statistics to populate the non resonant sidebands, that will be
used to control the background level and perform the analysis studies.

The T trigger is similar with above, with exception of the mass window which
is at L2 [6,13] GeV/c?, and [8,11] GeV/c? at Level 3.

It must be noted that at the very beginning of the CMS data taking, because
of the extremely low instantaneous luminosity of the LHC, it is possible that lower
thresholds will be used. At the very beginning of CMS data taking, because of
the extremely low instantaneous luminosity (lower than 10%°cm™2s™!), we consider
to select J/1) events using only a single muon trigger. In the current studies the
presence of the 1)’ resonance has been neglected, but the impact is expected to be

small.

5.2 J/v trigger efficiencies and rates

As in Tab. 77, different thresholds will be used for single and double muon
triggers at different instantaneous luminosities. The trigger selection is crucial for
the start-up analysis on J/1 measurements. The trigger performance of J/1 events
are studied in CMSSW_2 25, using the private data sample of prompt and non-

prompt J/1 without muon kinematics cut at generator level. The inclusive muon
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Figure 5.5: J/v invariant mass distribution of two Level-2 muons (left) and Level-3

muons (right).

sample in summer 2008 production is used as background.

5.2.1 J/u trigger efficiencies

The transverse momentum and pseudorapidity distributions of .J/1 that passes
the different L1 muon triggers are shown in Fig[5.6l The Level-1 J/4 trigger effi-
ciencies times the acceptances as a function of p;/ ¥ and N/ are given in Figlh. 7l
For J/v with pé/ Vs 7GeV /¢, the probability to pass low pr single muon L1 trigger
is above 95%.

The transverse momentum and pseudorapidity distributions of J/v that passes
the different HLT muon paths are shown in Figl5.8 The combined Level-1 and
HLT J/4 trigger efficiencies times the acceptances as a function of p%/ Y and U
are given in Fig[5.9. For J/¢ with a pseudorapidity above 2.1 should have one muon
in 1, < 2.1 to be able to pass the single muon triggers. Due to this acceptances, the
efficiency of single muon trigger for J/v reaches 90% at high transverse momentum

region.
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Figure 5.6: pr (a) and n (b) distribution of J/v¢ to be collected by different L1

muon trigger.
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Figure 5.7: (a) Level-1 J/4 trigger efficiencies as a function of pé/ v

, integrated

over the pseudorapidity range [1,;,| < 2.4; (b) Level-1 J/1 trigger efficiencies as a

function of 7;,, , integrated over all the pr range.

5.2.2 J/4 trigger rates and expected statistics

For instantaneous luminosities of 8 x 1032 and 103! ¢cm

~2s71 the rates of J/1

events are shown in Tabs. and (.3l For the higher luminosity, the total event

rate of the HLT J/4 trigger for signal and backgrounds is 0.261 Hz, which is much
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Figure 5.8: pr (a) and 7 (b) distribution of J/v¢ to be collected by different L1

muon trigger.
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Figure 5.9: (a) Combined L1+HLT J/v trigger efficiencies as a function of pé/ v ,
integrated over the pseudorapidity range [1;/4| < 2.4; (b) Combined L1+HLT J/v

trigger efficiencies as a function of 7,/ , integrated over all the pr range.

smaller than the maximum allowed HLT output rate, ~100 Hz. Even in further
increasing luminosity, i.e. 103 cm=2s71, the J/4 trigger still has a small event rate
and can be unsprescaled. Therefore, we can collect as much as possible J/1) events

to used for the detector alignment and calibration.
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Fig.B.10Ishows the integral luminosities as a function of time in the pp operation
during 2009-2010, according to the latest LHC schedule. About 200 pb~'of pp
collision data will be collected in the first year. Assuming the two HLT menus in
previous section will be used and the menu switches when luminosity reaches 103!
cm~?s™! the number of J/1 events to be collected by different trigger paths as a
function of time can be roughly estimated as in Fig.[5. 11l taking account the event
rates and prescale factors in Tabs. and 5.3l

After two month of operation in the low luminosity mode, the CMS experiment
will accumulate around 3pb~! of data. Assuming the first HLT menu is used in this
scenario, about 700k .J/1 events will collected by the single muon trigger with the
lowest threshold of pf. > 3GeV/c, which is the ideal trigger path to be used for the
first J/1) cross section measurement. After the switch of the HLT menu, the double
muon trigger with threshold of pf. > 3GeV/c will give the highest event rates. Total
~bM J /1) events could be written on the tape in the first year.

HLT path Prescale | Prompt J/1v | B-decay J/v | Background | Total
HLT _Mu3 1 0.256 0.0838 15.6 15.9
HLT_Mub 1 0.107 0.0472 6.23 6.38
HLT_Mu9 1 0.0116 0.00886 0.814 0.834
HLT _DoubleMu3 1 0.0120 0.00793 0.122 0.142
HLT _JPsi 1 0.0117 0.00630 0.00294 0.0209

Table 5.2: The unprescaled rates and prescale factors of HLT trigger selection for
prompt, non-prompt .J/¢ and background events, at an instantaneous luminosity

of 8 x 10%® cm2s7 1.

— 94 —



CHAPTER 5 THE CMS MUON AND J/¢¥ TRIGGER

HLT path Prescale | Prompt J/v¢ | B-decay J/v¢ | Background | Total
HLT _Mu3 infinity 3.20 1.05 195 None
HLT _Mub 25 1.34 0.590 7.4 79.8
HLT_-Mu9 1 0.145 0.111 10.2 10.5
HLT _DoubleMu3 1 0.150 0.099 1.53 1.78
HLT _JPsi 1 0.146 0.079 0.037 0.261

Table 5.3: The unprescaled rates and prescale factors of HLT trigger selection for

prompt, non-prompt J/1 and background events, at an instantaneous luminosity

of 103! em—2s~ L.
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Figure 5.10: The integral luminosities as a function of time in 2009-2010, according

to the latest plan of LHC operation [8§].
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paths as a function of time, including both prompt and non-prompt .J/.
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Chapter 6

Muon and J/v reconstruction

performance

Before discussing the selection criteria for .J/iy-events, it is important to un-
derstand the characteristics of the muons coming from J/vy-decays, as well as the
performance for single muon and .J/t¢-reconstruction. In Ref. [89] the muon and
dimuon reconstruction efficiency was already studied, but in the ORCA framework.

Here, we study the performance for muon reconstruction in CMSSW.

6.1 Single muon reconstruction
6.1.1 Offline muon reconstruction

Muon reconstruction in CMS is described in detail in Ref. [63]. The muon can-
didates are reconstructed and identified with the GlobalMuonProducer algorithm
in CMSSW, based on independent reconstruction of a muon in a standalone muon
system and matching it with a track of similar kinematic parameters in the tracker,

as shown in Fig.[6.1]

Track Reconstruction Due to the complexity of the CMS tracker, which consists

of thousands of detector units, and the large multiplicity of tracks in high-energy
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Figure 6.1: Algorithm to produce a muon using information from Tracker and Muon

Systems.
pp collisions at the LHC, different algorithms are used in CMS for track recon-

struction, each optimized for a special task may be needed. All methods use the
reconstructed positions (hits) of the passage of charged particles in the silicon detec-
tors to determine the helix trajectories of the charged tracks and therefore measure
their directions and momenta. The main standard algorithm designed for the re-
construction of proton-proton collisions is the Combinatorial Track Finder (CTF).
The CTF proceeds in three stages: seeding, finding and fitting. The basic algorithm
for fitting the track parameters is using the Kalman filter [49] technique. However,
due to the flexibility of the CMS track reconstruction framework, more advanced
algorithms such as a Deterministic Annealing Filter or a Multi Track Filter (see [41]

and references therein) were successfully implemented as well.

Standalone muon reconstruction Reconstruction in the Muon system is often

called “Standalone muon” since it does not make use of Tracker hits; and it is also
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CHAPTER 6 MUON AND J/¢ RECONSTRUCTION PERFORMANCE

used in the Level 2 trigger algorithms. The reconstruction makes use of the track hits
and track segments from the local reconstruction step in the individual muon sub-
detector modules of the CSC, DT, and RPC detectors. The algorithm starts from
the locally-reconstructed muon track segments. A segment in one of the innermost
detector stations (those closest to the interaction point) is used as a seed for a
Kalman filter, which builds trajectories in the radially-increasing direction. A 2
cut is applied to reject hits unlikely to be associated with the track, which can arise
from showering, delta rays, and pair production. The trajectory is propagated using
a detailed map of the magnetic field and taking account of energy loss in the detector
material (mainly the steel of the magnet return yoke), until the outermost detector
layer of the Muon system is reached. A backward Kalman filter is then applied,
working from outside in, and the track parameters are defined at the innermost
muon station. Finally, the track is extrapolated to the nominal interaction point
and a vertex-constrained fit to the track parameters is performed. In this fit, since
the magnetic field is inhomogeneous and nonuniform in the 2 end-cap regions, the
two-dimensional hits in CSC layers are used instead of the track segments which

were used for seeding.

Global muon reconstruction The global muon reconstruction consists in ex-
tending the muon trajectories to include hits in the silicon tracker (silicon strip
and silicon pixel detectors). The first step is to identify the silicon tracker track to
combine with the standalone muon track, so called track matching. The matching
of two disjoint tracks is performed by comparing the 5 parameters describing the
trajectory, this is best done by propagating the tracks onto a common reference
point or surface, taking into account the muon energy loss in the material and the
effect of multiple scattering. After the selection of a subset of tracker tracks that
match the stand-alone muon track, the next step in making a global muon track is
to fit a track using the hits from the tracker track and the stand-alone muon track.

The global refit algorithm attempts to perform a track fit for each tracker track -
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stand-alone muon pair. If, after the fit is attempted for each pair, there is more than
one possible global muon track, the global muon track with the best y? is chosen.
Thus, for each stand-alone muon there is a maximum of one global muon that will

be reconstructed.

6.1.2 Muon reconstruction efficiency

The n-coverage for muon reconstruction in the CMS detector is |7,| < 2.4. The
performance of single muon reconstruction was described in Ref. [63] for muons in
the range p=10-1000 GeV/c. However, muons from .J/1 decays have generally
lower pfrand mostly reconstructed at endcap region, as can be seen in Fig.

The muon reconstruction efficiency depends on pf and 7, and is determined
by comparing the reconstructed muon with the information at the generator level.
The muon originating directly from the J/1 decay is identified via the information
provided by the event generator. The angular variable AR = \/m is deter-
mined between each reconstructed muon identified with the correct electric charge
in the final state and the generated muon from the J/¢ decay. The distribution
of this variable AR is shown in Fig. for all reconstructed global muon candi-
dates. The reconstructed muons in the final state are categorized as being correctly
reconstructed when AR is smaller than 0.2 and Apf./pf < 0.2.

We define the p reconstruction efficiency as

NH
€muon = —= (61)

Nen’
where N/, is the number of generated muons, and N, . is the number of recon-
structed muons passing the matching criteria described above. Thus, the y recon-
struction also takes into account the detector acceptance.
Global reconstruction requires the matching of reconstructed tracks in both the
muon system and the tracker and the overall efficiency is a product of the stand-

alone, the tracker track and the matching efficiencies. Figs.[6.4] and [6.5] respectively

show the results for reconstructing single muons from .J/v¢ decays as a function of
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Figure 6.2: The 7, (left) and pf. (right) 2D distributions of muon and prompt J/v

for reconstructed J/v events.

the pr and 7 of the muon. Most of the muons with pZ. < 4 GeV/c cannot reach the
barrel muon chambers (corresponding to the region of |r,| < 1.2), so the efficiency

is very low in that region. The reconstruction efficiency for muons drops at several
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Figure 6.3: AR = \/An? + A¢? distribution of the Monte Carlo truth muon and

the reconstructed muon from prompt J/v events.

pseudorapidity regions: e.g. around |n,| = 0.25 and 0.75 (the regions between two
wheels) and around |7,| = 1.2 (where the DT and CSC systems overlap), and around
n, = 1.7 ~ 1.8 (where there are gaps in the CSC system). The maximum efficiency,
which is about 90%, is reached for pf. >7 GeV/c, for any 7,. The momentum
resolution of muons is at the percent level.

The fraction of pions or kaons originating from the p-p interaction that are
reconstructed as muons (fake rate) is about 0.3%. The majority of those are coming
from genuine muons from pion and kaon decays occurring before the measuring

muon stations, either in the tracker volume or after it.

6.1.3 Muon tracking performance

Figs. 6.6, 6.8and ?? show the residuals of transverse momentum as a function
of pseudorapidity in pr bins for muons obtained with the global reconstruction
algorithm. The transverse momentum resolution was evaluated by a Gaussian fitting

to the distribution of the quantity

P (62)
1/p%67’1/ Y
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where pi© and p¥" are the closest transverse momenta of generated and recon-

structed good muons. Figs. 8-10 are several examples of the Gaussian fitting.
The pp resolutions in Fig. are consist with the ones in [10, 11] at most

points, deteriorating while the n grows.
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Figure 6.6: 1/pr resolution for global muons with 3GeV/c < pf < 4GeV/c, shown
in three 7, bins: (a)0.1 <7, < 0.2, (b) 1.1 <7, < 1.2 and (c) 2.1 < n, < 2.2.
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Figure 6.7: 1/py resolution for global muons with 5GeV/c < pf. < 7GeV/c, in the

same 1), bins as Fig.8.

Fig 6100 (6100 is the n(¢) resolution as a function of pseudorapidity in five
pr bins for muons. The 7(¢) resolution was obtained by a Gaussian fitting to the

distribution of 7(¢) residuals

A(ﬁ) = Nrec = Ngen; (6-3)
A(¢) - d)rec - ¢gen7 (64)
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Figure 6.8: 1/pr resolution for global muons with p4. > 10GeV/c, in the same 7,
bins as Fig.8.
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Figure 6.9: 1/pr resolution for global reconstructed muons as a function of pseudo-

rapidity.

where 7ec(@rec) and Mgen(Pgen) are the closest pseudorapidity (¢ angle) between the
generated and the reconstructed good muons. The 7(¢) resolution is also consist

with the ones in [11], deteriorating while the pseudorapidity grows.

—105 —



6.1 SINGLE MUON RECONSTRUCTION

| n resolution o(n N

)

''''' rec gen PP P P PR PP P ARTUPR P S P P PRE APUSIURH PP PR BRY RS IR R ASRUBR -
e —e— 3GeV<P <4GeV +]
0.0014 __;“. ..................................... —— 4GeV<PT<SGeV ________________________ o]
. —+— 5GeV<P,<7GeV .
. e _ P
0.0012 2 g 7GeV<P.<10GeV | P
- b g £ .
] s L ST ]
0.001 =% o
- Hl '0".‘ e rO:.‘ - ]
T @ . Hil e
0.0008 R rl:.‘%..‘ ......................... SIS O PP AN e ]
i - o, '*'l*' * - i

S ..‘ Y'.T
- '*:ﬁ*‘ Wm Olg! - *‘*‘...'»o‘,.,o —— *‘*.*. TSt
00006 N gy [ TR Tt SRR T i e e —
- " ah LA T ety At p e |
_"i“._}‘ '-1--1.1_‘_.-* thg ik ra . Ww.*l*iw L +_
- Ty _‘ T A . TSRO e ]
0.0004 = Figpspgeereeerees BIE SRS 0 b SR .- NSO et —|
B g ..i.._l_ﬁ..m"i" s L P e ]

11 1 1 I | I I 111 1 I | I | I I | I I 11 1 1 I 111 1 I 111 1 I 1111

-2 -15 -1 -05 O 0.5 1 15 2
n
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6.2 J/4 selection and reconstruction
6.2.1 J/¢ event selection

J/1 candidates are reconstructed by pairing muons with at least 3 GeV/c
transverse momentum and opposite charge. The invariant mass of the muon pair
is required to be between 2.8 and 3.4 GeV/c?. Furthermore, the two muons should
come from a common vertex, which is determined by the point of their closest
approach in space by using the KalmanVertexFitter [90, O1]. It must be noted that
the efficiency of this vertex requirement in the Monte Carlo sample of prompt J/1)

is 0.9996 4+ 0.0001.
The pr and 7 distributions of selected J/1v candidates are shown in Fig. [6.121

Most of the candidates have low pé/ ¥ and large n.

6.2.2 J/v mass resolution and bias

The mean value and mass resolution (:%) of the J/v’s invariant mass are
investigated in regions of pé/ ¥ and 1.7/ for prompt J/1’s. Fig. [6.13] and [6.17]
show examples of the J/1 invariant mass distribution in different 7,/ and p%/ v bin,
fitted with a single Gaussian. The mean value and mass resolution as a function
of 1;/4 and p%/ ¥ can be seen in Figs. and[6.I7] It can be noted that the mean
values are generally around the world average value 3.096 GeV/c?, no significant

dependence on pr or . The mass resolution is smaller at high p;;/ ¥ and at small

ns/y- The smaller resolution with increasing p%/ Y is counter-intuitive, but explained
by the fact that J/v’s with higher transverse momenta are produced more centrally,

where the resolution is better.

Since the mass resolution is a function of pé/ ¥ and Ny, one simple Gaussian
function is not suitable to fit the J/v signal peak. We anticipate to fit in bins of
pé/ ¥ and will use two Gaussian functions to allow for the different resolutions due

to the 7,/ dependence of the resolution.
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Figure 6.12: The n,, (left) and p/. (right) 2D distributions of muon and prompt J/v

for reconstructed J/v events.

6.2.3 J/v) mass spectrum

The dimuon mass spectrum including background and signal is given in Fig.
6.18. The level of the Drell-Yan background in the same mass window is com-
puted to be less than a percent with respect to the other background sources, and
hence neglected from now on. Concerning the background source coming from two
fake muons, this is of the order of 10% with respect to the muon enriched QCD
background, and is taken into account as systematic uncertainty.

Given the invariant mass spectrum, the number of .J/v candidates, N7t /0 in each
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Figure 6.14: Invariant mass distribution of J/1 with pé/w > 15 GeV/c, in the same
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Figure 6.15: Invariant mass distribution of .J/v¢ with pé/ Y'>15 GeV/c, in the same

17/ bins as Fig.8.).
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Figure 6.17: Gaussian width of J/1 invariant mass as a function of p%/ v (a) and

e (b).

o /¥ bin can be obtained by fitting the dimuon invariant mass distribution with a
background hypothesis and a signal hypothesis. As anticipated in Section [6.2.2]
the J/v invariant mass distribution is better described as a sum of two Gaussian
functions, rather than a single Gaussian. This can be seen from Figs. and

6.20, where the signal and background are displayed together and fitted with a
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linear background and a single and double gaussian for the signal. The background
invariant mass distribution is indeed well described by a linear function, as can be

seen from Fig.[6.21] where the background is displayed alone.
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Figure 6.18: Dimuon invariant mass distribution normalized to 3 pb~! in linear
(left) and logarithmic (right) scale. The green (light grey), blue (black) and red

(dark grey) areas are the prompt, non-prompt and QCD background contributions,

respectively.

6.2.4 J/v reconstruction efficiency with respect to filtered events

A useful quantity is the .J/1 reconstruction efficiency ef}% with respect to the

number of filtered events (for filter see Sect. 77):

it o J)b
ilt o J/ N5/¢<pT /)
) ( / )_
T/ Pr sNijy) = Ngen-i—filt( J/p ’

(6.5)
J/p Pr anJ/w)

where N j/zfp is the number of fitted J/1¢’s in a certain pé/ Y bin as explained in Sec.
623 and NV %’Lf I is the number of generated and filtered J/v’s in this region. The
efficiency ef;i/l; as a function of pé/ ¥ and 1/ are shown in Fig.£.22] From this figure
we see that e’}%} is up to 80% at high p%wand high 7;/,. Below pé/d’:E) GeV/c

it drops dramatically to zero. At low 7, , the value of e?% is smaller than at

—-111 -



6.2 J/¢¥ SELECTION AND RECONSTRUCTION

:\‘21600; T ‘ T 7: :\191600 :7\ LI T T T T T T T T T T T LI \7:
% [ E % F 1
31400: Ny = 2638 £ 54 ] S0, = 2528+ 58 ]
Biz00 | N = 183482139 { 200/ Mg = 187202 141 E
& 1 c I 1
711000 . € 000C E
(fi2000" ] 000F 1
8001 - 8001~ .
600 . 600 .
4001~ . 4001~ .
200F . 200 .
. i i i o - ﬂ'v-w‘fr"\"r"\"V"\' ey, =t .

587 29 3 31 32 33 34 38 20 3 31 32 33 34
M(u'W) (GeVvic?) M(') (GeVvic?)

Figure 6.19: Left: mass distribution fit of background and signal fitted with a linear

function and a single Gaussian in the p%/w range of 9 GeV/c< pé/w < 10 GeV/e.

Right: the same, but with the signal fitted to a double Gaussian.
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Figure 6.20: Left: mass distribution fit of background and signal fitted with a linear
function and a single Gaussian in the pal/ ¥ range of 17 GeV/c< pé/ Y <20 GeV/e.
Right: the same, but with the signal fitted to a double Gaussian.

high 7/, when looking at the same value of p%/ w, because the muons have a lower

absolute momentum at lower 7, .
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Chapter 7

Measurement of prompt and

non-prompt J/i cross sections

In this section we will describe the strategy to determine the inclusive .J/v
differential cross section and the procedure and results to obtain both the prompt

and the non-prompt components by using the large lifetime of the B-hadron.

7.1 Inclusive J/i cross section

The J/v differential cross section will be measured in the region [1,;,| <2.4.

It is based on the following expression:

fit
do N I/
—(J - Br(J tuo) = 7.1
de( ) - Br(J/ — pp) TLdt- A Xz e Apr (7.1)
where
o N j/’fp is the number of reconstructed J/1¢ candidates in a given pr bin. This

is obtained by fitting the J/1¢ mass spectrum with a linear background and
double gaussian signal hypothesis, as was explained in Sec.[6.2.3]

e A is the the total efficiency for triggering and offline reconstructing the J/

events, as extracted from Monte Carlo. It will be explained in Sec.[Z. 1.1l
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corr corr o 3 3 - o
o \iger and AT are correction factors to the trigger and offline efficiencies,

respectively, as measured in data compared to the Monte Carlo simulation ,

and will be addressed in Sec[Z.T.2.11
e [ Ldt is the integrated luminosity.
e Apr is the size of the pr bin.

Below we discuss A, the correction factors, and the evaluation of the fraction of

J/1¢’s from B-hadron decay.

7.1.1 Total reconstruction efficiency A

7.1.1.1 Definition of A from Monte Carlo simulation

The relevant quantity for the cross section measurement is the total J/i se-

lection efficiency as a function p%/ ¥ and Ny 1t is entirely determined from Monte

Carlo and defined as:

rec J w
I/ (pT/ /)

en/ J/Y :
Ng/w(pT/ 7))

Ay i) = (7.2)

Here p%/ ¥ and Ny are the true value of transverse momentum and pseudorapidity
of the generated J /1), Nf}% is the number of reconstructed J/4’s in a region of 7/,
and p;,/w, and N9" is the total true number of generated J/u’s, i.e. before applying
the generator dimuon filter. The definition of the total reconstruction efficiency in
Eq. (C2)) also takes into account the detector acceptance. It should also be noted that
it is not the same as the J/1 reconstruction efficiency defined in Eq. (6.5]), which
was with repect to the filtered events. Indeed, for a cross section measurement we
are interested in the true number of J/9’s in the n-region |1, < 2.4, not only in
the ones passing the filter. The total reconstruction efficiency as a function of pr is

shown in Fig[71l
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7.1.1.2 Effects of J/i polarization

The polarization of the .J/v affects the decaying muons spectra, and therefore
influences the kinematic acceptance in Eq. (T.2). The normalized angular distribu-

tion is given by
3

I(cos®) = o+

(14 - cos?0) (7.3)

where 6 is the angle between the muon in the J/v rest frame and the direction
of the J/4¢ in the lab frame, and a quantifies the polarization. Fully transverse
polarization corresponds to a=-+1, fully longitudinal to a=-1, and a=0 indicates
no polarization. Fig.[71] shows the total reconstruction efficiencies for transverse,
longitudinal and no polarization. The difference is about 10% at high pr and 20%
in the low pr region. Indeed, at low p%/ ¥ the polarization effect is stronger, since
there is a muon pr reconstruction threshold. Once the polarization parameter « is
measured, the total reconstruction efficiency can be computed by a weighted sum of
the total efficiencies from transversely and longitudinally polarized J/v production:
Ay =(1=n4) Ar +na - AL.

The measurement of the J/1 polarization is currently under study and a sep-
arate analysis note is in preparation. For this cross section measurement we will

make use of the polarization measured in other experiments and evaluate the effects

of this assumption as a systematic error.

7.1.1.3 Correction factor A’

Due to the detector resolution and the size of the interaction region, some J/1’s
with | 79¢" |> 2.4 can be reconstructed as | 7" |< 2.4 . This effect should be very
small due to the excellent tracking resolution. The relative acceptance A’ can be

calculated from Monte Carlo and is defined as as:

N"e¢(pp, | n7e |< 2.4, ] n9e* |> 2.4)
Noen(pp, | ngen |> 2.4)

A,(pT) = (7-4)
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Figure 7.1: Total reconstruction efficiency including detector acceptance as a func-
tion of J/¢ pr: transverse polarization (down-triangle), longitudinal polarization

(up-triangle) and unpolarized production (dot).

where N™(pp, | 7 |< 2.4, | 9" |> 2.4) is the number of J/9 events in the Monte
Carlo sample, which are generated | n?°" |> 2.4 and reconstructed (| 7" |< 2.4),
and N9 (pp, | n9°" |> 2.4) is the total number of events generated with | 9" |> 2.4.

In this analysis the relative acceptance A’ is about 0.01%.

7.1.2 Determination of the correction factors to the efficiencies using

tag and probe method

The total reconstruction efficiency A as defined in Eq. (2] is computed using

the Monte Carlo simulation. Any deviation to the total efficiency that could arise
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in real data taking can be determined on data itself, using the "tag and probe”
methods. Ref. [02] has outlined how to determine these deviations. As previously
mentioned at the beginning of Section 5, there will be both corrections to trigger
efficiencies as well as to the offline efficiencies.

The subsequent sections will sketch how the method could be applied. The
details of the method as well as the results will be part of a separate note, which is
being written with the CSA08 exercise of the dimuon group within the Muon POG
(Physics Object Groups) [93].

7.1.2.1 Reconstruction efficiency correction

Given the low momenta of the two muons, we will investigate the reconstruction
efficiency measurement in the data using known resonances, such as J/¢ , ¢’ and
T (hereafter referred as Onia), whose decayed muons can be triggered by single
muons with suitable low pp threshold. One candidate data stream for this is the
SingleMuPT3 or SingleMuPT7, where the muon is reconstructed offline using a
GlobalMuon reconstruction. Onia candidates are then reconstructed by pairing the
offline reconstructed GlobalMuon (that will be used for the tag) with an opposite
charge muon that will serve as the probe. Tight selection criteria in the mass of the
resonance should be used in order to limit the level of the background.

We will follow the prescriptions given in Section 7.1 of Ref. [92]. Preliminary
studies for the J/1 could be found in Ref. [94]. Assuming that the offline reconstruc-

tion efficiency can be expressed as the product of the individual muons efficiencies:

J J
eo;?line(pT/¢a 77J/1/17 QJ/w) = € (p%l ) 77111) X €po (pg?v nuz)a (75)

both in the data and in the Monte Carlo simulated samples. The correction
factors to efficiencies is the ratio between real data and Monte Carlo simulation

efficiencies:

corr Elua a(p'u ) 77”)
)\reco(p%7 77“) = ill : n

o (P ™) (7:6)
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Ideally, A" (pl., m,) should be one, if the Monte Carlo simulation used is per-

reco

fect.

7.1.2.2 Trigger efficiency correction

In a similar way, the trigger efficiency correction can be determined. We will
use opposite sign GlobalMuons compatible to come from the decay of an quarkonia
in single muon triggered event skims. The muon that triggered the event is used as
a tag and another muon is used to probe the trigger efficiency path for that muon.
This method is able to measure the trigger efficiency of the single muon path from
L1 down to L3 muons, but it must be noted that the trigger efficiency is defined as
the efficiency of the trigger path over the offiline reconstructed J/v. The J/1) trigger
efficiency, as computed with this method, is therefore measuring the probability of

a reconstructed J/v event to fire the J/v trigger:

J
Ntrig (pT/d) ) 7)J/¢>
J
Nofflinereco (pT/¢7 77J/1/1)

J
g7 1p0) = (7.7)
The efficiency (normalized to the offline reconstructed J/v) as function of p%/ v
and 7/, is shown in Figs. and [7.3] respectively.

The J/v trigger efficiency can therefore be expressed as:

I/
Etrigger = Eturligger ) Eg?igger ) Q(Hh H?) (78)

where €

trigger 15 the single muon trigger efficiency path for muon 4 and ((u1, p2) an

ad-hoc factor that can be computed in the Monte Carlo to take into account for
remaining correlation effects. It should be noted that, due to the requirement of the

two GlobalMuons coming from the Onia, the correlation induced by this selection

i

triggers and it is therefore valid

is largely taken into account in the determination of €
to assume that ((u1, p2)=1. Thus measuring the J/9 trigger efficiency is reduced

to measuring the single muon trigger efficiencies.
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The total trigger efficiency is a combination of L1, .2 and L3 muon trigger

efficiencies. It can be expressed as the product of the conditional probabilities:

"
etrigger

=€y " €1o " €1
=P (L1, offline|offline) - P(L1, L2, offline| L1, offline) (7.9)
-P(L1, L2, L3, offline|LL1, L2, offline)

Each single probability can be determined with the tag and probe method. First,
unbiased events will be collected by a high py single muon trigger and with at least
two offline reconstructed muons with pr > 3 GeV/c and invariant mass compatible
to come from a Onia. Then we will determine P(L1, offline|offline): the fraction of
unbiased events that pass the L1 di-muon trigger, given that both muons have been
reconstructed offline, or in other words the L1 trigger efficiency for a single muon.
The second probability term, P(L1, L2, offline|L1, offline),is the fraction of events
unbiased relative to L2 that pass the L2 trigger, given that the muons passed the
L1 di-muon trigger and have been reconstructed offline; this probability is therefore
measuring the L2 trigger efficiency for single muon. Finally, the third probability
term, P(L1, L2, L3, offline|LL1, L2, offline), is the fraction of events unbiased relative
to L3 that pass the L3 trigger, given that the muons passed the L1 and L2 di-muon
trigger and have been reconstructed offline.

The correction factors to the trigger efficiency is the ratio between the efficiency

found in data and that of the Monte Carlo simulation:

data L")
corr ( I ,u) o 6tm’gger<pT777 )
trigger br,Nn = TMC . o\

(7.10)
61E7"2'gger (p?’ 77#)

7.2 Measurement of fraction of J/¢ from B-decay

From a theory point of view a measurement of the prompt .J/v production
cross section is highly interesting. Hence the J/v¢’s from B-hadron decays should
be separated from the prompt components. This separation can be done by fitting

the pseudo-proper decay length distribution of J/.
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Figure 7.3: The J/¢ L1+HLT trigger efficiencies as a function of pé/ v (left) and
1.7/, (right).

7.2.1 Pseudo-proper decay length distribution

Prompt charmonia decay immediately after being produced. In contrast, B-
hadrons have long lifetimes in the order of pico seconds, because the decay of a
B-hadron to a J/1 is mediated by the weak interaction b — ¢W¥. This implies that

J /1) events from the decays of B-hadrons are likely to be displaced from the primary
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vertex. In order to separate the prompt and non-prompt components, an excellent
performance of secondary vertex reconstruction is required. The pseudo-proper

decay length is defined as:
J
LY - My

J )
pT/ ¥

oY = (7.11)

where L%w is the component of the proper decay length (defined as the distance
between the vertex of the two muons from J/¢ decays and the primary vertex of
the event) on J/1’s transverse momentum direction and M/, the mass of the J/1.
The fiéw distribution of prompt and non-prompt .J/v’s is shown in Fig.[Z4l The
component due to the prompt fraction is describing the intrinsic resolution function
due to the finite performance of the tracking reconstruction. The long exponential
behaviour, visible at large dg/,w clearly shows the B hadron component. It should
be noticed that negative values of the E%w come from resolution effects, where
the vectors of the J/¢¥ momentum and the one joining the primary and secondary
vertices in the transverse plane are in opposite directions and is in fact occurring at
small decay lengths.

While at Monte Carlo truth level the pseudo-proper decay length for prompt
J/1’s is equal to zero, for reconstructed J/i’s, the distribution is described by a
resolution function, as will be explained below (see Eq. (Z.19)).

The pseudo-proper decay length for non-prompt J/¢’s has a more complicated
shape. It must be noted that the pseudo proper decay length defined in Eq. (Z.I1))
is different from the proper decay length defined as:
Lfy - Mp

B

0 =
Y pT

(7.12)

where Mp and p2 are the mass and transverse momentum of the B-meson. The Efy
distribution of B-hadrons has an exponential behaviour. However, the distribution
of E%w of J/¢’s from B-hadrons is not perfectly exponential, since the transverse
momentum of the J/v¢ does not coincide with the transverse momentum of the

B hadron. To estimate the shape at Monte Carlo truth level, we notice that the
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Figure 7.4: The ¢,, distributions for prompt (dotted), B-decay (dashed) and total
J/v (solid) events.

relation between the pseudo-proper and the proper decay length is given by

M
ng/ﬁ p+/$
T T
/B = A (7.13)
W

which is described by a Gaussian function

Gmc(gxyy Home, Umc) (714)

with sigma o0,,. and mean fi,.
Hence, the function that approximates the ¢//* distribution for the B-hadron

component at Monte Carlo truth level will be:
Xne(lay) = BExp(—Loy/lay,) @ Gme(lay, 0, 0pe) (7.15)
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where Exp(—{y,/ Exyo) describes the exponent part, and G,,. the correction as ex-
plained in Eq. (.14).
To describe the /,, distribution for non-prompt .J/¢ events at reconstruction

level, Eq. (T.I5) must be convoluted with the same resolution function as that for

prompt J/v’s, which will be described in Eq. (Z.19).

7.2.2 Likelihood function

To determine the B-fraction we follow the procedure as described in Ref. [23].
We perform an unbinned maximum likelihood fit on the data to extract the fraction
fB, 1.e. the fraction of J/v’s which come from B-hadron decays. The mass and £,
of each event is simultaneously fitted by a log-likelihood function L which is defined

as:

N
ML= "InF(lyy,my,), (7.16)
i=1
where N is the total number of events in the mass window of signal, ¢,, the pseudo

proper decay length, and m,,, the reconstructed dimuon mass.

The distribution of mass and pseudo-proper decay time is described by:

F(ley, myp) = fsig X Fsig(lay) X Msig(my,) + (1 — fsig) X Fprg(lay) X Mprg(my),
(7.17)

where:

e fs;, is the fraction of signal J/¢ events (i.e. both prompt and non-prompt)

in the mass region,

o Fgi,(lyy,) and Fpiy(l,,) are the functional forms describing the J/1v pseudo-
proper decay length distribution for the signal and background respectively,

o Mgig(my,) and Mpyy(m,,) are the functional forms describing the invariant

mass distributions for the signal and background respectively.

The signal ¢,,, distribution of the J/¢’s, Fg;,({,,), is expressed as:
Fsig(lay) = [ X Fp(lay) + (1 = fB) X Fp(lay), (7.18)
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where fp is the fraction of J/¢ from B-hadron decays, and Fp(l,,) and F,({;,)
are the pseudo-proper decay length distributions for non-prompt and prompt J/v’s
respectively. Starting with the prompt component of Eq. (7.I8]), we remind that
prompt J/¢’s are produced at the primary vertex, therefore their observed dis-

placement is described by a resolution function
Fp(lyy) = R(Cyy) (7.19)

Ref. [23] found that R(/,,) is best described by a sum of a wide and a narrow
Gaussian convoluted plus a double-sided exponential functions, the latter in order

to describe the (small) tails:
R(&cy) = Gn(ga:znﬂm Un) D Gw(gxwﬂwa Uw) S Exp(—lfxy!/A) (7-2())

Concerning the non-prompt component of Eq. (Z.18), the shape of Fp(l,,) is

given by a product of two separate parts
Fp(lsy) = R(lsy — g;:y) ® chw;y)v (7.21)

where R is again the resolution function of ¢, (see Eq. (T.20))), and X,,.(¢s,) the
{4, distribution of the J/1’s from B-decay, which was given in Eq. (Z.13]).

With regard to the background going in Eq. (T.I7), this has a more complicated
function because the sideband events. Part of the background is from the long
lived B-hadrons that produce muons with opposite sign such as B — cu~vX and

¢ — ptvX. The expression for Fpy, [23] is as follows:

( o

(L= f+ = f= = foym) - R(lsy, 0) ""{_ie_t ® R(lyy — Loy, 0)
2/
fsym _# /
e Xsym @ R0 — Uy, 0) when /£, > 0,
Fo(l)={ v . y
(1_f+_ff_fsym)'R(€zy70) +§_:€)‘_ ®R(€;y—£xy,0'>
%
0 +2J;fsy;neﬁ ® R(l,, — Ly, 0) when /,, <0,
(7.22)
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where fi g,m is the fraction of the background distribution in the positive, negative
and symmetric exponential tails respectively, and where A gy, are corresponding
exponential slopes.

The mass distribution used in the likelihood expression in Eq. (.I7) is a double

Gaussian for signal, and a linear function for background:

MSig(mw) =(1—f2)- Gl(muu,/ﬁM, on) + fa- Gz(mw,,uMJrD,’yQUM) (7.23)

1 mmax + mmin
+ Mslope(m,u,u - #N—) (724)

Mpg (M) = 5

e — my
Here 1y, is the mean of the mass distribution, oy, the width of the first Gaussian

distribution, f, the fraction of the second Gaussian distribution at the given m,,,,

max

i and

and 9 the ratio of the widths of the two Gaussian distributions. Further m

mm" are the mass range and Mg, is the slope of the mass background distribution,

and D is the difference between the widths of the two Gaussian.

7.2.3 Fitting procedure

The prompt, non-prompt J/1 and background samples are mixed together with
a weight, according to their cross sections and statistics. The unbinned maximum
likelihood was performed in 15 p%/ ¥ _bins from 5 to 40 GeV /c, requiring each pr bin
to contain at least 2000 Monte Carlo events. Fig. shows the fraction of J/¢’s
from B-hadron decay as resulting from the fit as compared to that at Monte Carlo
truth level. A good agreement is seen. In Appendix B we show the results of the
fit for each p;/ Y bin. One example of the fitting result in the pé/ ¥ bin of 9 GeV/c
< p;/w < 10 GeV/c can be seen in Fig.[7.0l

the B fraction rises from ~ 15% at low pr to ~ 50% at high pr.

7.2.4 Validation of the B fraction fitting

The fitting method in the previous section is called the standard fit. Several
checks are applied to ensure that the fits do indeed describe the data. To test if the
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Figure 7.5: Left: the B fraction from fitting (dot) and the MC truth (triangle).
Right: the deviation of the fitted B fraction from MC truth. The unbinned maximize

likelihood fitting provides the correct results, within the range of three o.

fits are stable under variations in the fitting technique the fits are redone with the

following variations:
e The vertex resolution is changed to a triple Gaussian resolution function.

e A simple exponential function is used to describe the /., distribution of B-

decay J/v.
e The background level is doubled.

Fig.[[.7] shows the result with statistic uncertainties of the new fits divided by
the results of the standard fitting method. In all cases, the variations are small
compared to the statistical uncertainties. The deviations are considered as the sys-

tematic uncertainties introduced in the B fraction fit (see the systematics Section).
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Figure 7.6: Fits to the ¢, distributions in the range of 9 GeV /¢ < pr < 10 GeV/c for
prompt (top left) , B-decay (top right) and combined (bottom center) J/1 events.
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Chapter 8

Misalignment effects in early data

A precision alignment of the CMS tracking and muon detectors is one of the
most challenging offline calibration tasks CMS faces. A detailed description of the
general alignment concepts and the procedures involved for the muon and Tracker
are presented in [63]. This section gives an overview of alignment strategy and

simulation. After that, the misalignment effects in the J/1 analysis are discussed.

8.1 Alignment strategy

The tracker alignment has to be performed in 3 steps:

e During the ongoing assembly of the CMS Tracker, positions and orientations
of the Tracker components (silicon sensors as well as support structures) are
being measured and stored in databases with the help of, e.g., coordinate-

measurement machines or photogrammetry.

e After assembly, the Laser Alignment System (LAS) [63] will provide the po-
sitions of the Tracker sub-detectors TIB, TOB, and TEC (not including the
pixel detector and the TID) with respect to each other with a precision of
about 100 pum.

e The initial track-based alignment has two scenarios: the first step will be



8.2 SIMULATION OF MISALIGNMENT

its precise internal and external alignment, so that it can then define the
reference system for the subsequent alignment of the strip tracker. The pixel
alignment will be performed using tracks that have been reconstructed using
pixel hits only (and a vertex constraint) to avoid bias originating from the not
yet aligned strip tracker. In the second step, strip tracker alignment will be

carried out using the pixel detector as a reference.

Once the Tracker is aligned, it will define the reference system relative to which
the positions of the calorimeter modules and muon detectors will be adjusted. In
particular, for the optimal reconstruction of muon tracks, it is important to combine
information from the Tracker and the muon detectors. In order to study the impact
of both Muon and Tracker misalignment on the reconstruction of muon tracks, the
tools described in the follow section are used to simulate a realistic environment that

includes the expected alignment uncertainties for the individual tracking devices.

8.2 Simulation of misalignment

The displacement of detector modules is implemented after detector simulation
at the reconstruction level using a dedicated software tool, which is able to move
and rotate all Tracker parts (individual modules as well as rods, layers, half-barrels,
etc.). Hits on Tracker sensors are generated according to the ideal detector geome-
try, and the geometrical shift and rotation of the sensor are introduced afterward.
Within the quoted uncertainties, the misalignments are applied using a flat distri-
bution for mechanical constraints, whereas a Gaussian distribution is used for laser
and track-based alignment results. To achieve a reasonable y? distribution in the
track fit, the hit position error is increased by adding an additional error, so called
Alignment Position Error (APE), in quadrature that reflects the size of the assumed

misalignment.
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CHAPTER 8 MISALIGNMENT EFFECTS IN EARLY DATA

8.3 Misalignment effects in early data

In order to study any possible bias and degradations in disentangling the
prompt and non-prompt components, we have investigated the effects of misalign-
ment by re-reconstructing the same samples, made with ideal alignment conditions,
in the 10 and 100 pb~! misalignment scenarios [63]. Differences as a result of mis-
alignment will be taken into account in the systematic uncertainties. The effect of

misalignment has been investigated for the following quantities:

e The reconstruction efficiency. Fig. B1] shows ef;%} (see Eq. (6.3)) as function
of pé/ Y. The reconstruction efficiency is not affected by misalignment. In
fact, the alignment position error is added to the intrinsic hit measurement
error (in quadrature) to take into account the residual uncertainty in the
alignment parameters. This guarantees that no hits are lost during the pattern

recognition even in worse misalignment scenarios.
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Figure 8.1: .J/v reconstruction efficiency vs. py’

e J/1¢ mass resolution. This is affected as a consequence of a worse tracking
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resolution performance. Fig.[R.2 shows the J/1¢ invariant mass distribution in
10 pb~! and 100 pb~! misalignment scenarios, and Tab. Rl shows the mass

resolution by fitting the mass peaks with a single Gaussian function.

12000~ JpsiMassAll 14000 = JpsiMassAll
" Entries 215629 L Entries 215821

L | Mean 3.114 12000 ; . ) “j Mean 3.112
10000~ 10pb™alignment | ‘\ RMS 0.04704 -100pb allgnment‘;‘ || Rws 0.04166
r [ X2/ ndf 484/20 10000 L ‘ X2/ ndf 1189/21
8000? Constant  1.127e+04+ 37 L Constant 1.278e+04 + 40
L Mean 3.112+ 0.000 8000 ; Mean 3.11+ 0.00
eooo; Sigma  0.03418 + 0.00012 E | | sigma 00305+ 0.0001
[ ] 6000~ -
4000 — [ ]
r 1 4000 b
2000 B 2000[~ N

L. L RN BT M i Lo Ly NI R 1o
98 29 3 : 33 34 98 29 3 32 33 34
M(u*) (Gevic?) M(u*) (Gevic?)

Figure 8.2: J/v invariant mass distribution in 10 pb~!(left) and 100 pb~! (right).

10 pb™! | 100 pb™! | ideal
J /1) mass resolution (MeV) | 34.2 30.5 29.5

Table 8.1: J/1¢ mass resolution in different misalignment scenarios

The dimuon mass resolution turns out to depend linearly on the muon momen-
tum resolution and thus on the degree of misalignment. Thus, in a short-term
misalignment scenario, the worse muon momentum resolution will result in a

wider J/1¢ mass peak.

Distribution of déw. The vertex resolution being worse in a short term sce-
nario, we expect the dg/f/’ distribution to be affected. Fig.B.3]shows the pseudo-
proper decay length distributions of both prompt and B-decay .J/v in an ideal
and a 10 pb™! scenario. The influence on the B fraction resulting from the fit
has been investigated by comparing the ideal alignment scenario with that ex-

pected at 10 pb~t. Fig.R4 displays the comparison between the two different
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misalignment scenarios with the input from Monte Carlo.
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Figure 8.3: J/v pseudo-proper decay length distribution in different misalignment

scenarios.
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Figure 8.4: The relative deviation of the measured B fraction with respect to the
Monte Carlo truth for an ideal misalignment scenario (dots) and a 10 pb™! mis-

alignment scenario (triangles).
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Chapter 9

Systematics uncertainties

In this section an estimate of possible systematic uncertainties is given. It must
be noticed that some of the systematics will certainly come from the study of other
groups (such as the one from the luminosity or alignment). Others may arise when
real data taking will start, for example the corrections to the trigger and offline
reconstruction efficiencies as explained in Section[Z.1.2l

The following systematic uncertainties have been considered:

e Luminosity determination. The LHC experiment TOTEM [58] will be able to
measure the luminosity with an uncertainty of the order of 5% or less already
at the LHC start [95]. As a comparison, in the J/¢ measurement of CDF
IT [23], that uncertainty was about 5.9% for an integrated luminosity of 39.7

pb~!. In this analysis, 10% was considered as a feasible target.

e Finite Monte Carlo statistics. As a Monte Carlo simulation was used to de-
termine the total efficiencies in this analysis, it will introduce a systematic
uncertainty related with the statistics of simulated events affecting the total
efficiency. The uncertainty is dependent on the pé/ v bin, and the effect on the

cross section is given in Tab.[IT.T]in Appendix C.

e J/1 polarization uncertainty. Kinematic acceptance as a function of p%/ v



depends upon the J/v polarization, as shown in Fig. ??. It is our plan to
make a measurement of the polarization with collision data at CMS and then
can be used to determine the J/1 total efficiency value and uncertainty. In
absence of it at this moment, an estimation was made from the measurements
of CDF for prompt J/v [32] and of BaBar for non-prompt J/4 [96]. The mean
of a measured in different p:‘ﬂ/ ¥ bins is used to determine the central value of the
total efficiency, while the systematic uncertainty is taken by varying a by three
standard deviations around the measured value. It’s found the uncertainty is
2.4% near p%/¢:6 GeV/c and 6.0% in the region p%/¢>20 GeV/c. The effect
on the cross section is displayed in Table[I1.2] in Appendix C for each pr}/ v
bin.

e Binning in pé/ ¥ The choice of the binning in pé/ ¥ affects the total efficiency A
in each pé/ Y bin. A large binning was chosen to allow for enough background
statistics in the lifetime fit. In order to evaluate the effect of the chosen

binning in p%/ ¥ on the total efficiency, each pé/ ¥ bin was splitted into four

smaller bins in equal p%/ ¥

size and re-calculate the total efficiencies in the
sub-bins. The average value for the total efficiencies in the four sub-bins has
a small difference with the one of the whole p%/ ¥ bin, as defined in Eq. (@1).

The value AA/A was considered as a systematic uncertainty from the binning

/¥

o
in p;/ ", where

4 4
AA:lei—M (9.1)
4 i=1 Zi:l N;

The result for each pé/ Y bin is given in Table[I1.3lin Appendix C.

e Muon momentum scale. The mass of the dimuon system depends linearly
on the momentum scale of the two muons. The number of events will be
determined from a fit to the dimuon invariant mass distribution. This means
that a difference in the muon pr cut between data and Monte Carlo will affect

the number of events that will pass the HLT trigger, and also the number of
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events in a given bin of pé/ v, Thus, an uncertainty in the muon momentum
scale affects the total efficiency for each bin of p%/ ¥ This uncertainty has been

evaluated and found to be at most 1%.

Parametrization of the invariant mass fitting function. As shown in Section
a double Gaussian function is found to describe quite accurately the
dimuon invariant mass in each p%/ Y bin. In order to investigate any dependence
on 17/, in the pé/ ¥ bin, the J/1 candidates in each bin were splitted into three
separate |1;/| regions with the following boundaries: (0. —0.8—1.6 —2.4). In
each of those regions the dimuon invariant mass is fitted with a single Gaussian
and the difference with respect to a single 7;/, bin and double Gaussian is
taken as systematics. As can be seen from Table[I1.4] in Appendix C, the
differences are of the order of 2%, except for the two largest p%/ ¥ bins, where

the statistical fluctuations are anyhow large.

The corrections to the total efficiency as measured by the tag and probe
technique. No final results are available for the analysis yet. Extrapolating
the result from CDF [23], where about 3 times more J/1’s were reconstructed

and an error of about 3% was quoted, we have taken a 5% uncertainty.

Residual misalignment effect. In Sec. the effect of misalignment was inves-
tigated on the different ingredients in the analysis. Misalignment affects the
{,, distributions, and as such could affect the fitted B-fraction. In order to
test any bias in the fitting procedure of B-hadron fraction, the unbinned max-
imum likelihood fit was repeated in in two scenarios (i.e. perfectly aligned and
10 pb~! misalignment). The results of fit comparing with the input from the
Monte Carlo is shown in Fig.[84l There was no bias observed in the fraction
of J/1’s from B-hadron decay. A conservative 50% of the difference between
the results of the two scenarios is taken as a systematics. The result for all

p;/ ¥ bins is given in Table[IT.7in Appendix C.
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e Resolution model. The ¢,, resolution function for the prompt J/1 has been
parameterized as a double Gaussian plus a double-sided exponential. We have
compared a triple gaussian resolution function and taken the differences as a
systematic error. The graphs of the unbinned maximum likelihood fit using a
triple Gaussian resolution function are displayed in Appendix D for all pé/ ¥
bins. The systematic errors for all p;,/ Y bins is given in Table[I[T.5in Appendix
C.

e B-hadron lifetime model. The B hadron pseudo-proper time is described by a
convolution of an exponential decay with a Gaussian function describing the
fragmentation effect of the difference between the transverse momentum of
the J/v and that of the B-hadron, from which J/ originates. The Gaussian
function was removed to have a conservative estimate of the model used to
describe the B-hadron lifetime distribution and a negligible difference was

found. The result is given in Table[IT.6]in Appendix C.

e Background uncertainty. Both the background level and its ¢, parametriza-
tion influence the fit to the B-hadron fraction. The sample used to determine
the QCD background gives only about 500 events in the invariant mass win-
dow between 2.8 and 3.4 GeV/c?, out of 20 million generated. Those need
to be split into 15 pé/ v bins, clearly giving very small statistics to get any
assumption on their mass distribution as well as their pseudo proper decay
length distribution. It would need much more QCD background to study any
effects due to this source properly. All the 500 events were used for each pé/ v

bin, and scaled to the appropriate background level as expected. As said in

Section£.2.3] the double fake muons background is missing. The average effect

of such background is estimated to be at most of the same order of magnitude

in the first p%/ ¥ bin and decreasing very rapidly for higher p%/ Y. We fitted the

B-hadron fraction in each p%/ ¥ bin and varied the background level by 50%,

on average. We also compared the results of the fit in the extreme case where
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no background is taken and found similar variations. The result is displayed

in Table[I1.8 in Appendix C.

A summary of all systematic sources and numbers are given in Tab. 0.1l

Parameter affected Source Ac/o
Luminosity Luminosity ~ 10 %
Number of J/1) J /1 mass fit 1.0-6.3%

Number of J/1) Momentum scale ~1%
Total efficiency J /1 polarization 1.8 - 7.0%
Total efficiency pé/ ¥ binning 0.1-10%
Total efficiency MC statistics 0.53-1.7%
Areconstruction Non-perfect detector simulation ~ 5%
Atrigger Non-perfect detector simulation ~ 5%
B fraction {4y resolution model 0-1.9%
B fraction B-hadron lifetime model 0.01 - 0.05 %
B fraction Background 0.1-3.0%
B fraction Misalignment 0.7-35%

Total systematics 13 % - 19 %

Table 9.1: Summary of possible systematic uncertainties in the J/1 cross section

measurement in CMS early data. All the uncertainties are p%/ d)—dependent, except

for the uncertainty from luminosity. The total uncertainty is about 13% in the

region pé/w >20 GeV/c and 19 % at the lowest pé/w bin 5-6 GeV /c.
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Chapter 10

Results and prospects

Tab. [10.1] displays for each bin of p;/ ¥ the number of fitted J /Y’s, the total
efficiency, the fitted B-fraction, and the systematic uncertainty. Tab [10.2] displays
the values of the J/v differential cross section with systematic and statistical un-
certainties. Figs.[[0.] and [[0.2] display the inclusive (left) and prompt (right) J/1
differential cross sections respectively, with combined systematic and statistical un-
certainties, corresponding to an integrated luminosity of 3 pb~!. Fig. shows the
result of the fits to the fraction of J/v’s from B-hadron decay in each bin of p:‘ﬁ/ v

The measurement of the differential J/1 cross section is shown to be feasible
already for an integrated luminosity of 3 pb~!. The low level of background and
the excellent performance of the reconstruction, permit to test the inclusive pé/ ¥
differential J/¢— p*p~ production cross section, and determine the fraction of J/1
produced by B-hadron decays, in the full range of p%/ ¥ between 5 and 40 GeV/c.
The precision of the result is limited by systematic uncertainties, and is around at
the 15 % level. The accuracy for this integrated luminosity is slightly worse than the
CDF one in the p%/ ¥ range common to both measurements, but is probing for the
first time the spectrum beyond 20 GeV/c. Some of the systematics will, of course,

benefit from the larger data set that will be collected with higher integrated lumi-

nosities. The uncertainties in the background level will be checked in data directly,



p%/ ¥ bin Yield Total efficiency B fraction | Systematic
GeV/c Ngig A, IB %
5-6 2591+£52 | 0.00319+0.00006 | 0.196+0.013 19
6-7 110984109 | 0.0228+0.0002 | 0.19440.0061 14
7-8 17565+137 | 0.0599+0.0004 | 0.237+0.0047 14
8-9 20007£147 | 0.111£0.0006 | 0.261£0.0044 14
9-10 18856+141 | 0.16340.0009 | 0.295+0.0045 14
10-11 | 16601132 | 0.22440.0012 | 0.32240.0050 14
11-12 | 13685£119 | 0.272+0.0015 | 0.336%0.0053 13
12-13 | 10669£106 | 0.316£0.0019 | 0.37340.0062 13
13-14 8304193 0.358+0.0023 | 0.374£0.0067 13
14-15 6513182 0.388+0.0027 | 0.388+0.0078 14
15-17 8923196 0.423+0.0025 | 0.414+£0.0067 15
17-20 7420+£88 0.484+0.0029 | 0.440£0.0073 14
20-24 4480168 0.529+0.0040 | 0.458=+0.0095 14
24-30 2617452 0.570+0.0055 0.483+0.011 14
30-40 1287+36 0.612+0.0085 0.49940.017 15

Table 10.1: Summary of the J/1 cross section components in this analysis. The pé/ v

bin (1st column), the yield and statistical uncertainty from the fits (2nd column), the
total efficiencies and the systematic uncertainties (3rd column), the fitted B fraction
and statistical uncertainties (4th column), and the total systematic uncertainties

(5th column).

by using an analysis of the same sign muon pairs, which will not show any resonant
behaviour in their invariant mass plot. They will be used to check the agreement
between the data and the Monte Carlo simulation, in terms of yield and shape of
the different distributions. The tag and probe methods will necessarily be more

accurate, or the invariant mass fit would be feasible in different 7;/, regions, where
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RESULTS AND PROSPECTS

Y do/dpr - Br(nb/(GeV /c)) MC input values (nb/(GeV/c))
(GeV/c) prompt J/¢ B-decay J/v prompt J/¢ B-decay J/1

56 | 216+15(stat)£42(syst) | 52.643.6(stat)£10.1(syst) 217 50.6

6-7 129+4418 31.1+1.04+4.3 128 32.9

7-8 73.8+1.6£10.2 22.940.5+3.2 73.6 23.8

8-9 44.140.84+6.0 15.6£0.3+£2.1 43.8 16.4
9-10 26.940.5£3.8 11.3+0.2£1.6 27.1 11.5
10-11 16.6+0.3£2.2 7.88+0.14+1.06 16.7 8.09
11-12 11.0+0.2+1.4 5.574+0.10+0.71 10.9 5.88
12-13 6.984+0.14+0.94 4.1540.08+0.56 7.03 4.23
13-14 4.80£0.10£0.63 2.87£0.06+0.38 4.76 2.98
14-15 3.39+0.08+0.46 2.15+0.05£0.29 3.35 2.23
15-17 2.0440.04+0.30 1.44+0.0340.21 2.03 1.48
17-20 0.944+0.01940.133 0.742+0.015£0.105 0.934 0.765
20-24 0.379+0.010£0.055 0.320=£0.008+0.046 0.377 0.325
24-30 0.131£0.00440.019 0.122+0.004+0.017 0.128 0.125
30-40 0.0348+0.00154-0.0052 0.03464-0.001540.0051 0.0333 0.0356

Table 10.2: The prompt and non prompt J/v differential cross sections as a function
of p%/ ¥ with statistical and systematic uncertainties. The cross section in each p%/ v
bin is integrated over the 7,/ range |1;/,| < 2.4. The Monte Carlo input values

are listed in the last 2 columns.

the momentum resolution is expected to differ noticeably. It is expected therefore
that after few months of LHC operation, the measurement can be performed with

a better accuracy than the CDF one.
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Figure 10.1: The inclusive J /v differential cross section, do/dpr-Br(J/v — ptu~),
as a function of p;,/ 1/)7 integrated over the pseudorapidity range |1,/ < 2.4, corre-
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Chapter 11

Conclusions

In this thesis, the author describes a feasibility study for measuring the J/v

production cross section in the CMS experiment using J/¢ — p*pu~ decay mode.

The measurement is able to be performed with the first data collected by the
CMS detector, i.e. an integral luminosity of 3 pb~!. The differential cross sections
are determined as functions of the J/1) transverse momentum, pé/ w, integrated over
the pseudorapidity range |1, < 2.4. We have shown how to measure the inclusive
J/1 cross section, as well as the prompt and non-prompt components separately,

by making use of the large B-hadron lifetime. The most important systematic

uncertainties to the measurement were addressed.

The uncertainty in the result is dominated by the systematics, even with the
small integrated luminosity that have been considered. Some of the systematics
will, of course, benefit from the larger data set that will be collected with higher
integrated luminosity. For instance, the tag and probe methods will necessarily be
more accurate, or the invariant mass fit would be feasible in different 7/, regions,
where the momentum resolution is expected to differ noticeably. The uncertainties
in the background level will be checked in data directly, by using an analysis of the
same sign muon pairs, which will not show any resonant behavior in their invariant

mass plot. They will be used to check the agreement between the data and the



Monte Carlo simulation, in terms of yield and shape of the different distributions.
In the case of the prompt J/¢ measurement, a better alignment and a tighter
cut on the decay muons of the J/¢ could help to better disentangle the B-hadron
component and reject the non-.J/¢ background, respectively.

In the future, with more data available, it will be possible to directly measure
the polarization of prompt J/1v, thus decreasing the cross section uncertainty and
may lead to important new insight into the production of charmonium.

By the end of the next year, with an integrated luminosity of ~200 pb~!, the
J /1 differential cross section measurement are expected up to a transverse momen-
tum about 100 GeV/c and possibly beyond. About 5 million .J/v signals might
be collected at that moment and the detector could be much better understood.
Therefore, the separation of J/1 from y.s feeddown should become possible and
the measurements mentioned above will become more precise.

During the future high luminosity running, the J/v trigger will longer avail-
able and we have to increase of the thresholds of relevant single and double muon
triggers. This will further expand the range of reachable transverse momenta and

allow further tests of the production mechanisms.
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A Acronyms and abbreviations

ALICE A Large Ion Collider Experiment

AOD Analysis Object Data

APE Alignment Position Error

ATLAS A Toroidal LHC ApparatuS

BES Beijing Spectrometer

CSC Cathode Strip Chamber

CDF Collider Detector at Fermilab

CEM Color Evaporation Model

CERN Conseil Européen pour la Recherche Nucléaire

c.m. center-of-momentum

CMS Compact Muon Solenoid

CMSSW  CMS software framework

CEM Colour Evaporation Model

CLEO CLEO(patra) or Cornell’s Largest Experimental Object (or Operation or
Organization)

COM Colour Octet Mechanism

CSA07  Computing Software and Analysis challenge of 2007

CSA08  Computing Software and Analysis challenge of 2008
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CSM
CTF
DESY
DT
EB
EDM
EE
EGEE
ES
ECAL
FNAL
GT
HERA
HCAL
HB
HE
HF
HLT
HO
LAS
LCG
LEP
LHC
LHCb
LHCf
LINAC
LO
MB
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Colour Singlet Model

Combinatorial Track Finder

Deutsches Elektronen-Synchrotron
Drift Tube

ECAL Barrel

Event Data Model

ECAL Endcap

Enabling Grids for E-scienc

Preshower detector

Electromagnetic Calorimeter

Fermi National Accelerator Laboratory (Fermilab)
the Global Trigger

Hadron Elektron Ring Anlage (Hadron Electron Ring Accelerator)
Hadron Calorimeter

HCAL barrel

HCAL endcaps

HCAL forward

Higher Level Trigger

Outer barrel Hadron calorimeter

Laser Alignment System

LHC Computing Grid

Large Electron - Positron (storage ring)
Large Hadron Collider

LHC-beauty

LHC-forward

A linear accelerator at CERN

Leading order

Muon Barrel
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MC
ME
NLO
NNLO
NRQCD
NuSea
PDF
PDG
pQCD
POG
PSB
QCD
QED
QWG
RPC
SM
SPS
SST
SUSY
TIB
TID
TOB
TEC
TOTEM

TriDAS
TSG
VPT

Monte Carlo

Muon Endcaps

Next-to-Leading Order
Next-to-Next-to-Leading-Order

Non Relativistic Quantum ChromoDynamics
Nucleonic Sea experiment

Parton Distribution Functions

Particle Data Group
perturbative Quantum ChromoDynamics
Physics Object Groups

Proton Synchrotron Booster

Quantum ChromoDynamics

Quantum ElectroDynamics

Quarkonium Working Group

Resistive Plate Chamber
Standard Model physics

Super Proton Synchrotron

Silicon Strip Tracker

Supersymmetric partner particle

Tracker Inner Barrel

Tracker Inner Disks

Tracker Outer Barrel

Tracker End Caps

Total Cross Section, Elastic Scattering and Diffraction
Dissociation

CMS Trigger and Data Acquisition system
Trigger Study Group

Vacuum Photo Triodes
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Appendix

B Tables of systematic uncertainties

Tables [1.1] to [[1.§ contain the detailed systematic uncertainties of different

sources in bins of p%/ v

MC statistics
py/ Y (GeV/e) Ao/o (%)
5-6 +1.7
6-7 +0.8
7-8 +0.63
8-9 +0.55
9-10 +0.53
10-11 +0.53
11-12 +0.54
12-13 +0.59
13-14 +0.64
14-15 +0.70
15-17 +0.57
17-20 +0.60
20-24 +0.76
24-30 +0.97
30-40 +1.4

Table 11.1: Systematic uncertainties from MC statistics.

J/v¢ polarization
P37 (Gev/e) | Ao/o(+)(%) Ao /o ()(%)
5-6 +2.2 -2.4
6-7 +2.0 -2.2
7-8 +1.8 -1.9
8-9 +1.8 -1.9
9-10 +2.1 -2.4
10-11 +2.1 -2.4
11-12 +2.0 -2.3
12-13 +3.1 -3.4
13-14 +3.0 -3.3
14-15 +2.9 -3.2
15-17 +5.7 -7.0
17-20 +5.2 -6.4
20-24 +4.8 -5.8
24-30 +4.3 -5.2
30-40 +3.3 -4.0

Table 11.2: Systematic uncertainties from .J/1 polarization.
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J/¢ pT spectrum
py ¥ (Gev/c) Ao/ (%)
5-6 -10
6-7 -3.3
7-8 -1.9
8-9 1.4
9-10 -1.0
10-11 -0.77
11-12 -0.57
12-13 -0.45
13-14 -0.23
14-15 -0.20
15-17 -0.10
17-20 -0.73
20-24 -0.34
24-30 -0.48
30-40 -2.3

Table 11.3: Systematic uncertainties from pr_‘ﬁ/ v binning.

Mass fit function
py/ ¥ (Gev/c) Ao/ (%)
5-6 +3.6
6-7 +1.5
7-8 +1.7
8-9 +1.6
9-10 +1.4
10-11 +1.4
11-12 +1.3
12-13 +1.8
13-14 +2.1
14-15 +1.7
15-17 +1.6
17-20 +1.0
20-24 +1.9
24-30 +2.7
30-40 +6.3

Table 11.4: Systematic uncertainties from mass fit function.
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Resolution model
py/ " (Gev/e) Ao /o (%)
5-6 -1.0
6-7 +1.0
7-8 +0.4
8-9 +0.8
9-10 +0.7
10-11 -0.9
11-12 -0.3
12-13 -0.2
13-14 -0.3
14-15 -1.8
15-17 -1.9
17-20 +0.2
20-24 -1.9
24-30 +0.4
30-40 +0.4

Table 11.5: Systematic uncertainties from the ¢, resolution model.

B-decay lifetime model
Py (Gev/c) Ao /o (%)
5-6 +0.019
6-7 -0.0054
7-8 +0.0019
8-9 -0.022
9-10 -0.025
10-11 -0.022
11-12 -0.0066
12-13 -0.015
13-14 -0.0088
14-15 -0.021
15-17 -0.019
17-20 -0.016
20-24 -0.0040
24-30 -0.015
30-40 -0.011

Table 11.6: Systematic uncertainties from B-decay lifetime function.
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Misalignment
py ¥ (Gev/c) Ac/o (%)
5-6 -6.9
6-7 -2.4
7-8 -4.3
8-9 +3.8
9-10 +5.6
10-11 +4.2
11-12 +0.38
12-13 +3.2
13-14 +1.7
14-15 -2.6
15-17 +2.7
17-20 -1.4
20-24 +2.6
24-30 +3.1
30-40 -1.4

Table 11.7: Systematic uncertainties from misalignment.

Background
py/ ¥ (Gev/e) Ao/ (%)
5-6 -3.0
6-7 -1.3
7-8 -1.4
8-9 -1.5
9-10 -1.1
10-11 -0.4
11-12 -0.2
12-13 -0.2
13-14 -0.2
14-15 -0.2
15-17 +0.8
17-20 +0.8
20-24 +0.1
24-30 +1.0
30-40 -0.4

Table 11.8: Systematic uncertainties from background.




Appendix

C Fit results of pseudo-proper decay length for all bins of

pr” (D)

In Figs. [1.1] to the results of the unbinned maximum likelihood fit are
displayed for each bin of p%/ Y. We used a double Gaussian plus a double-sided
exponential function as resolution function.

Each graphs displays the analysis data (dots), the total fitted function (dark
(blue) solid line), prompt J/1 contribution (dark (red) dashed line), non-prompt

J /1 contribution (light (green) dashed line) and non-.J/1 background (dotted (pur-
ple) line).
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Figure 11.1: Pseudo-proper decay length fitting in the range of 5 GeV/c < p%/ v <
6 GeV/c (left) and 6 GeV/c< p%/w < 7 GeV/c (right).
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Figure 11.2: Pseudo-proper decay length fitting in the range of 7 GeV/c < p‘]/ v
8G eV/c (left) and 8 GeV/c < p‘]/w < 9 GeV/c (right).
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Figure 11.3: Pseudo-proper decay length fitting in the range of 9 GeV/c < pJ/ v
10 GeV/c (left) and 10 GeV/c < pT/ < 11 GeV/c (right).
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Figure 11.4: Pseudo-proper decay length fitting in the range of 11 GeV/c < p‘]/ v
12 GeV/c (left) and 12 GeV/c < p‘]/w < 13 GeV/c (right).
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Figure 11.5: Pseudo-proper decay length fitting in the range of 13 GeV/c < p‘]/w
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n = 3 wn E 3

o f o ]

=] (=}

° 3 N 3

T10°E 10’ 3

o @

) S

H10%E e D10°E E
10F 4 10F ‘I E
niIIIIIIMIIIIII R ' N DT ‘[M
-0.2-0.15-0.2-0.05 0 005010150202503

02015—010050 005010150202503

(cm) Iy (cm)

Figure 11.6: Pseudo-proper decay length fitting in the range of 15 GeV/c < p‘]/ v
17 GeV/c (left) and 17 GeV/c < p‘]/d’ < 20 GeV/c (right).
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Figure 11.7: Pseudo-proper decay length fitting in the range of 20 GeV/c < pg/ v
24 GeV/c (left) and 24 GeV/c < pJ/w < 30 GeV/c (right).
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Figure 11.8: Pseudo-proper decay length fitting in the range of 30 GeV/c < pé/ v <
40 GeV/e.
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D Fit results of pseudo-proper decay length for all bins of
py” (IT)

In Figs. to the results of the unbinned maximum likelihood fit are
displayed for each bin of p%/ Y. Now we used a triple Gaussian resolution function.
The differences between double Gaussian plus exponential and triple Gaussian are
considered as the systematic uncertainty from the parametrization of the vertex
resolution function.

Each graph displays the analysis data (dots), the total fitted function (dark
(blue) solid line), prompt J/1 contribution (dark (red) dashed line), non-prompt

J /v contribution (light (green) dashed line) and non-.J/¢ background (dotted (pur-
ple) line).
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Figure 11.9: Pseudo-proper decay length fitting in the range of 5 GeV/c < p%/ Y <6
GeV/c (left) and 6 GeV/c< p%/ ¥ < 7 GeV/c (right), with triple Gaussian resolution

function.
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Figure 11.10: Pseudo-proper decay length fitting in the range of 7 GeV /c < pé/w <8

GeV/c (left) and 8 GeV/c < p‘]/w < 9 GeV/c (right), with triple Gaussian resolution
function.
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Figure 11.13: Pseudo-proper decay length fitting in the range of 13 GeV/c < pé/ v
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Figure 11.14: Pseudo-proper decay length fitting in the range of 15 GeV /¢ < pé/w

17 GeV/c (left) and 17 GeV/c < p%/w < 20 GeV/c (right), with triple Gaussian

resolution function.
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Figure 11.15: Pseudo-proper decay length fitting in the range of 20 GeV /¢ < pé/w
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Figure 11.16: Pseudo-proper decay length fitting in the range of 30 GeV/c < pg/ v <

40 GeV/c, with triple Gaussian resolution function.

—166 —



Bibliography

[1] D. Griffiths. Introduction to Elementary Particles, WILLEY-VCH, (Wein-
heim, 2004).

[2] C. Amsler et al., Review of Particle Physics, Phys. Lett. B 667, (2006) 1.

[3] C. Quigg, Realizing the Potential of Quarkonium, FERMILAB-CONF-97-266-
T (1997).

[4] 1. Hinchliffe, Quantum Chromodynamics, in Review of Particle Physics, Phys.
Lett. B 592, (2004).

[5] E. Braaten, T.C. Yuan, Gluon Fragmentation into Heavy Quarkonium, Phys.
Rev. Lett. 71, (1993) 1673.

[6] R.K. Ellis, W.J. Stirling , B.R. Webber, QCD and Collider Physics, Cam-
bridge University Press, (1996) 347-384.

[7] H. Fritzsch, Phys. Lett. B 67, (1977) 217.
[8] F. Halzen, Phys. Lett. B 69 (1977) 105.

9] J.F Amundson, O.J.P. Eboli, E.M. Gregores, F. Halzen, Phys. Lett. B 372
(1996) 127

[10] J.F Amundson et al., Phys. Lett. B 390 (1997) 323.

[11] E. L. Berger and D. Jones, Phys. Rev. D 23, 1521 (1981).



BIBLIOGRAPHY

[12] E. Braaten and T. Yuan, Phys. Rev. Lett. 71, (1993) 1673.
[13] E. Braaten and T. Yuan, Phys. Rev. D 52, (1995) 6627.
[14] G. T. Bodwin, E. Braaten and G. P. Lepage, Phys. Rev. D 46, (1992) 1914.

[15] G. T. Bodwin, E. Braaten and G. P. Lepage, Phys. Rev. D 51, (1995) 1125;
Erratum-ibid D55, (1997) 5853.

[16] W.E. Caswell , G.P. Lepage, Effective Lagrangians for Bound State Problems
in QED, QCD, and Other Field Theories, Phys. Lett. B 167, 1986) 437.

[17] M. Neubert, Phys. Rept. 245, (1994) 259.

[18] A. Manohar, Effective Field Theories, in ” Schladming 1996, Perturbative and
nonperturbative aspects of quantum field theory” (1996).

[19] P. Cho and A.K. Leibovich, Phys. Rev. D 53, (1996) 150.

[20] P. Cho and A.K. Leibovich, Phys. Rev. D 53, (1996) 6203.

[21] F. Abe et al. [CDF Collaboration]|, Phys. Rev. Lett. 79 (1997) 572.

[22] F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 79 (1997) 578.

23] CDF Collaboration, Phys. Rev. D 71, (2005) 032001.

[24] A. A. Affolder et al. [CDF Collaboration|, Phys. Rev. Lett. 84 (2000) 2094
[25] D. Acosta et al. [CDF Collaboration], Phys. Rev. Lett. 88 (2002) 161802.
[26] M. Krémer, Prog. Part. Nucl. Phys. 47, (2001) 141.

[27] M. Beneke and M. Kramer, Phys. Rev. D 55, (1997) 5269.

28] W. Buchmiiller and S. H. Tye, Phys. Rev. D 24, (1981) 132.

[29] E. J. Eichten and C. Quigg, Phys. Rev. D 52, (1995) 1726.

—168 —



BIBLIOGRAPHY

[30] H. L. Lai et al. [CTEQ Collaboration], Eur. Phys. J. C 12, (2000) 375.
[31] B. A. Kniehl and L. Zwirner, Nucl. Phys. B 621, 337 (2002).
[32] A. Abulencia et al. [CDF Collaboration], Phys. Rev. Lett. 99 (2007) 132001.

[33] DO Collaboration, Preliminary Result, Conference Note 5089-CONF, July
2007.

[34] S. P. Baranov, Phys. Rev. D 66, (2002) 114003 .

[35] T. H. Chang et al. [FNAL E866/NuSea collaboration|, Phys. Rev. Lett. 91,
(2003) 211801.

[36] C. N. Brown et al. [FNAL E866 Collaboration]|, Phys. Rev. Lett. 86, (2001)
2529.

[37] J. Campbell, F. Maltoni, F. Tramontano, Phys. Rev. Lett. 98 (2007) 252002.
[38] P. Artoisenet, J. P. Lansberg, F. Maltoni, Phys. Lett. B 653 (2007) 60.
[39] H. Haberzettl , J. P. Lansberg, Phys. Rev. Lett. 100 (2008) 032006.

[40] P. Artoisenet, J. Campbell, J.P. Lansberg, F. Maltoni, F. Tramontano, Phys.
Rev. Lett. 101, (2008) 152001.

[41] J. P. Lansberg, 2009 [arXiv.org:hep-ph/0901.4777].

[42] J. P. Lansberg, J. R. Cudell and Yu. L. Kalinovsky, Phys. Lett. B 633 (2006)
301.

[43] N. Brambilla et al, CERN Yellow Report, CERN-2005-005, e-Print: hep-
ph/0412158.

[44] M. Krémer, Nucl. Phys. B 459 (1996) 3 [hep-ph/9508409].

—169 -



BIBLIOGRAPHY

[45] C. Adloff et al. [H1 Collaboration], Eur. Phys. J. C 25 (2002) 25 [hep-
ex/0205064].

[46] S. Chekanov et al. [ZEUS Collaboration]|, Eur. Phys. J. C 27 (2003) 173 [hep-
ex/0211011).

[47] Homepage of the Quarkonium Working Group, http://www.qwg.to.infn.it/
48] J. P. Lansberg, Int. J. Mod. Phys. A 21 (2006) 3857.

[49] H. Evans, invited talk in XXIV Physics in Collision”, Boston, MA June 28,
2004.

[50] A.C. Kraan, CMS AN-2007/042 and CMS AN-2008/010.

[51] The LHC Study Group, The Large Hadron Collider Conceptual Design,
CERN/AC 95-05 (1995).

[52] O. S. Briining et al. LHC Design Report, CERN-2004-003 (2004).

[53] Lyndon Evans and Philip Bryant (editors), LHC Machine, 2008 JINST 3
S08001.

[54] G. Aad et al. [The ATLAS Collaboration|, 2008 JINST 3 S08003.

[55] S. Chatrchyan et al. [The CMS Collaboration], 2008 JINST 3 S08004

[56] K Aamodt et al. [The ALICE Collaboration], 2008 JINST 3 S08002

[57] A Augusto Alves Jr et al. [The LHCb Collaboration], 2008 JINST 3 S08005
(58] G. Anelli et al. [The TOTEM Collaboration], 2008 JINST 3 S08007

[59] CERN Workshop on Standard Model Physics (and more) at the LHC, CERN
Yellow Report 2000-004.

—170 -



BIBLIOGRAPHY

[60] The LEP ElectroweakWorking Group, http://lepewwg.web.cern.ch/LEPEWWG/
(May 2007).

[61] M. Spira and P. M. Zerwas, Electroweak symmetry breaking and Higgs
physics, CERN-TH/97-379 (1997). hep-ph/9803257.

[62] The CMS Collaboration, Technical Proposal, CERN/LHCC 94-38, LHCC/P1
(1994).

[63] The CMS Collaboration, CMS Technical Design Report Volume 1,
CERN/LHCC 2006-001 (2006).

[64] The CMS Collaboration, The Magnet Project: Technical Design Report,
CERN/LHCC 97-10, CMS TDR 1 (1997).

[65] The CMS Collaboration, The Tracker Project: Technical Design Report,
CERN/LHCC 98-6, CMS TDR 5 (1998).

[66] The CMS Collaboration, Addendum to the CMS Tracker Technical Design
Report, CERN/LHCC 2000-016, CMS TDR 5 Addendum 1 (2000).

[67] The CMS Collaboration, The Electromagnetic Calorimeter Project: Technical
Design Report, CERN/LHCC 97-33, CMS TDR 4 (1997).

[68] The CMS Collaboration, The Hadronic Calorimeter: Technical Design Re-
port, CERN/LHCC 97-31, CMS TDR 2 (1997).

[69] The CMS Collaboration, The CMS muon project Technical Design Report.
CERN/LHCC-97-32, CMS-TDR-003, (1997).

[70] The CMS Collaboration, The TriDAS Project Technical Design Report, Vol-
ume 1: The Trigger Systems, CERN/LHCC 2000-038, CMS TDR 6.1 (2000).

[71] The CMS Collaboration, The TriDAS Project Technical Design Report, Vol-
ume 2: Data Acquisition and High-Level Trigger, CERN/LHCC 2002- 26,
CMS TDR 6.2 (2002).

—171 -



BIBLIOGRAPHY

[72] C.-E. Wulz, ”Concept of the First Level Global Trigger for the CMS Experi-
ment at LHC,” Nucl. Instr. Meth., A473 | p. 231, 2001.

(73] C. Eck et al., LHC computing Grid Technical Design Report, LCG TDR 1,
CERN LHCC 2005/024.

[74] The CMS Collaboration, CMS Computing Technical Design Report.
CERN/LHCC-2005-023, 2005. Submitted on 31 May 2005.

[75] CMSSW, CMSSW application framework,
http://cmsdoc.cern.ch/cms/cpt /Software /html/General /

[76] R. Brun et al., ROOT, An Object-Oriented Data Analysis Framework,
http://root.cern.ch/.

[77] T. Sjostrand, S. Mrenna, P. Skands, JHEP 0605:026,2006.

[78] The original implementation was done by S. Wolf in 2000, but it was never
included officially. In 2005 it was officially integrated by T. Sjostrand, and in
2006 tuned by M. Bargiotti [83].

[79] T. Sjostrand and M. van Zijl, Phys. Rev. D 36 (1987) 2019.
[80] T. Sjostrand and P. Skands, Eur. Phys. J. C 39 (2005) 129.
[81] http://www.phys.ufl.edu/ rfield/ (homepage Rick Field)
[82] P. Bartalini etal, CMS NOTE-2006/067.

[83] M. Bargiotti and V. Vagnoni, LHCb-2007-042.

[84] https://twiki.cern.ch/twiki/bin/view/CMS/MBUETuning.

[85] hltnote) The CMS Collaboration, CMS High Level Trigger, CMS Note
2007,/009 (2007).

—-172 -



BIBLIOGRAPHY

[36]

[87]
[38]
[39]

[90]

[91]
[92]
(93]
[94]
[95]

[96]

R. E. Kalman, ” A new approach to linear filtering and prediction problems”,

Transaction of the ASME - Journal of Basic Engineering, vol. 35, 1960.

The Trigger Studies Group, https://twiki.cern.ch/twiki/bin/view/CMS/TriggerStudies
http://lhc-commissioning.web.cern.ch /lhe-commissioning /

Z. Yang and S. Qian, CMS NOTE-2007/017.

R. Frithwirth, Application of Kalman filtering to track and vertex fitting,
Nucl. Instrum. Meth. A262 (1987) 444.

T. Speer, K. Prokofiev, R. Fruhwirth, CMS IN-2003/008.

N. Adam et al. CMS AN-2007/031.
https://twiki.cern.ch/twiki/bin/view/CMS/MuonPOG

D. Acosta et al., CMS NOTE-2006/060.
https://twiki.cern.ch/twiki/bin/view/CMS/LumiWikiHome.

B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 67, 032002 (2003).

-173 -



BIBLIOGRAPHY

—174 -



ABSUK 25 AL 18 ST A1 7 W RE FH 52 B3t

J el s B

ANBEFY]: P 2AH AR S0, RANAEFITSE T~ MOZEATHET
TARPT AR R e BRICH B E WS U I A A AN, AT SCANE AR AT Al A A Bk
Ak L2 R R s S 1l AR i R o 6 A SCRORIEFUAL L B S Dk i) > AR
) EAE SO AR T bR o AR P B AR A A R A &4

WIAHEA H 39 £ A H

AL SO A

LT AEBRAT AR P A 1 PR B R A
ARNGER TR R TR ORA7 S AT Se i Rie , Bl
o LS ERERAT A AL R ST EIVIRIAS I L 1 RRCAS 5

o A BURAF AR SCHY EIVRIAS AL i, IR H SRR R 5 Wik 55, 18
A el b BRI R 55 5

o FHRETLLRMMI . FEN. HFHAIE LHTFRRIFR L,

o DAL RE PRy ok Ji DAL 5 22 B 3B AT 22 A 18 SC L T ARG FRABCE AR O — 4 /0 W
T/ O=FLU5, R M 230 Am,

CORT R SCAE AR T A

WIXAEHEEA T4
H 39 SO H






	1 Introduction
	2 Theoretical motivations
	2.1 The Standard Model
	2.2 Quantum Chromodynamics and Hadron Production
	2.2.1 Strong Interaction and Quantum Chromodynamics
	2.2.2 The charmonium families

	2.3 Charmonium Production
	2.3.1 The Color Evaporation Model
	2.3.2 The Color Singlet Model 
	2.3.3 NRQCD and the Color Octet Mechanism
	2.3.4 B production

	2.4 Summary of the Charmonium Measurements

	3 The CMS experiment at LHC
	3.1 The Large Hadron Collider at CERN
	3.2 Physics with the LHC
	3.3 The Compact Muon Solenoid
	3.3.1 The Magnet
	3.3.2 Inner tracking system
	3.3.3 Electromagnetic Calorimeter
	3.3.4 Hadron calorimeter
	3.3.5 Muon System
	3.3.6 Trigger and Data Acquisition system

	3.4 The CMS Computing and Software
	3.4.1 LHC Computing Grid
	3.4.2 The CMS Computing Model
	3.4.3 Simulation and reconstruction software of CMS


	4 Event generation and Monte-Carlo samples
	4.1 Prompt J/ generation in PYTHIA
	4.1.1 Processes
	4.1.2 Cross section regularization
	4.1.3 Shower activity associated with quarkonium production
	4.1.4 Tuning of PYTHIA parameters with CDF data

	4.2 Overview of the used Monte Carlo samples
	4.2.1 Prompt J/ event samples
	4.2.2 Non-prompt J/ event samples
	4.2.3 Background samples
	4.2.4 Data streams and analysis strategy


	5 The CMS muon and J/ trigger
	5.1 The CMS Muon Trigger system
	5.1.1 The Level-1 Muon Trigger
	5.1.2 The High-Level Muon Trigger
	5.1.3 The Muon Trigger Paths

	5.2 J/ trigger efficiencies and rates
	5.2.1 J/ trigger efficiencies
	5.2.2 J/ trigger rates and expected statistics


	6 Muon and J/ reconstruction performance
	6.1 Single muon reconstruction
	6.1.1 Offline muon reconstruction
	6.1.2 Muon reconstruction efficiency
	6.1.3 Muon tracking performance

	6.2 J/ selection and reconstruction
	6.2.1 J/ event selection
	6.2.2 J/ mass resolution and bias
	6.2.3 J/ mass spectrum
	6.2.4 J/ reconstruction efficiency with respect to filtered events


	7 Measurement of prompt and non-prompt J/ cross sections
	7.1 Inclusive J/ cross section
	7.1.1 Total reconstruction efficiency A
	7.1.2 Determination of the correction factors to the efficiencies using tag and probe method

	7.2 Measurement of fraction of J/ from B-decay
	7.2.1 Pseudo-proper decay length distribution
	7.2.2 Likelihood function
	7.2.3 Fitting procedure
	7.2.4 Validation of the B fraction fitting


	8 Misalignment effects in early data
	8.1 Alignment strategy
	8.2 Simulation of misalignment
	8.3 Misalignment effects in early data

	9 Systematics uncertainties
	10 Results and prospects
	11 Conclusions
	Appendix
	A Acronyms and abbreviations
	B Tables of systematic uncertainties
	C Fit results of pseudo-proper decay length for all bins of pTJ/ (I) 
	D Fit results of pseudo-proper decay length for all bins of pTJ/ (II) 


