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Abstract

Measurements of the production cross sections of J/Ψ(1S) and Υ(1S) resonances in the

dimuon channel in proton-proton collisions with a
p

s = 7 TeV at the CMS experiment at

LHC (CERN) are presented. The efficiencies are obtained via data driven methods. The

differential cross sections are presented as a function of the transverse momentum. The

total inclusive J/Ψ(1S) production cross section for an integrated luminosity of 36 pb−1 is

measured with (50.61 ± 0.04st at ± 3.09s y s ± 2.02lumi ) nb for a transverse momentum be-

tween 8 and 30 GeV/c and a rapidity range of |y| < 2.4. The total production cross sec-

tion for the Υ(1S) resonance is measured for an integrated luminosity of 36 pb−1 in the ra-

pidity range of |y| < 2.0 and a transverse momentum range between 3 and 30 GeV/c with

(4.96±0.06st at ±0.47s y s ±0.20lumi ) nb.

Zusammenfassung

Es werden Messungen des Produktionswirkungsquerschnittes der J/Ψ(1S) und Υ(1S) Reso-

nanzen in zwei Muonen in Proton-Proton Kollisonen mit
p

s = 7 TeV am CMS Experiment

des LHC (CERN) präsentiert. Die Effizienzen werden mit auf Daten beruhenden Methoden

bestimmt. Die differentiellen Wirkungsquerschnitte werden in Abhängigkeit des Transver-

salimpulses präsentiert. Der totale inklusive J/Ψ(1S) Produktionswirkungsquerschnitt ist

für eine integrierte Luminosität von 36 pb−1 mit (50.61± 0.04st at ± 3.09s y s ± 2.02lumi ) nb

mit einen Transversalimpuls zwischen 8 und 30 GeV/c und in einem Rapiditätsbereich von

|y| < 2.4 gemessen worden. Der totale inklusive Produktionswirkungsquerschnitt für die

Υ(1S) Resonanz wurde für eine integrierte Luminosität von 36 pb−1 für |y| < 2.0 und einem

Transversalimpuls zwischen 3 und 30 GeV/c mit (4.96±0.06st at ±0.47s y s ±0.20l umi ) nb bes-

timmt.
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CHAPTER 1

Introduction

The discovery of the J/Ψ(1S) resonance was announced on November 11th, 1974 simulta-

neously at the BNL (Brookhaven National Laboratory) [1] and the SLAC (Stanford Linear

Accelerator Center) [2]. This paved the path for a revolutionary change in the understand-

ing of quarks and their interactions. The discovery confirmed the existence of the charmed

quark, which had been predicted ten years earlier [3] and fullfilled the need for unifying the

electromagnetic and the weak forces [4, 5]. This was one of the many accomplishments that

guided the completion of the standard model (SM) of particle physics in the 1970’s.

Despite of its remarkable success, the SM leaves several unanswered questions: What is

mass and how do particles get mass? Why is there more matter than antimatter in our uni-

verse? What is dark matter made of?

The first proton-proton collisions at a center of mass energy of
p

s = 7 TeV took place on

March 30th, 2010 at the Large Hadron Collider. The J/Ψ(1S) and also the Υ(1S) resonance

are studied, because none of the theoretical approaches describe both the differential cross

sections and the polarization simultaneously, which have been measured in previous ex-

periments [6–8]. Expanding to higher energy and larger transverse momentum regions of

the J/Ψ(1S) and Υ(1S), the LHC provides an important instrument on the way to the clarifi-

cation of these production mechanisms in hadronic collisions. Moreover J/Ψ(1S) andΥ(1S)

are important standard candles, which are used for efficiency measurements, alignment and

detector calibration in this early stage of data taking at the LHC.
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Chapter 1: Introduction

In this diploma thesis a measurement of the differential and total cross section of the J/Ψ(1S)

and Υ(1S) resonances in the dimuon channel is presented. The data was taken by the CMS

experiment at LHC during 2010 and corresponds to an integrated luminosity of 36 pb−1 .

After a short theoretical introduction of the particles under study, an overview of the Large

Hadron Collider and the CMS experiment is shown. In the following chapters the event and

data selection for this analysis and the quantities needed to obtain the cross sections are

described. All efficiencies are determined using the data driven tag and probe method. The

resulting cross section depends on the polarization of the J/Ψ(1S) and Υ(1S) meson. In this

analysis the unpolarized production scenario is used for the kinematical detector accep-

tance obtained via Monte Carlo Simulations. The resulting cross sections are compared to

former CMS results, which were performed with less integrated luminosity. Additional the

differential cross sections are compared to theoretical predictions from next to leading order

non-relativistic quantumchromodynamic calculations.
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CHAPTER 2

Theory

This analysis focuses on the dimuon decay of J/Ψ(1S) and Υ(1S) mesons. Therefore some

general aspects of these mesons and their properties are discussed in this chapter.

2.1 The Charmonium and the Bottomonium

Quarkonia are mesons (two quark bound states), which consist of a quark and the corre-

sponding anti-quark. At BNL the J/Ψ(1S) was discovered measuring the e−e+ mass spec-

trum in the reaction p +Be → e++ e−+ X with a mass of 3.1 GeV/c2 and a mass resolution

of 20 MeV/c2 [1]. Simultaneously at the Stanford Positron Electron Asymmetric Ring (Spear)

at SLAC the J/Ψ(1S) was discovered with a mass of 3.105 ± 0.003 GeV and an upper limit

to the full width at half-maximum (FWHM) of 1.3 MeV [2]. Here it was quickly identified

as the 13S1 state of the charmonium (cc̄), hence it was produced through a virtual photon:

e++e− → γ→ J/Ψ(1S). The J/Ψ(1S) therefore has the same quantum numbers as the photon,

e.g. Spin 1, and can not be the ground state of the charmonium. In Table 2.1 the properties

of the J/Ψ(1S) and theΥ(1S) are shown. The dominant part of the J/Ψ(1S) decay is hadroni-

cally (87.7 ± 0.5%). The studied decays into leptons have branching ratios of 5.94 ± 0.06%

for electrons and 5.93 ± 0.06% for muons respectively [9]. The unusual long lifetime of the

J/Ψ(1S) of 10−20 s needed a new theoretical approach for its explanation. Strong interactions

have lifetimes of 10−23 s (compared to 10−16 s for electromagnetic and 10−13 s to 15 min for

weak decays). An explanation was proposed by Okuba, Zweig and Iizuba and resulted in the

OZI-rule. The OZI rules states: if a Feynman diagram can be separated in two pieces only by

3



Chapter 2: Theory

quarks mass width J PC 2S+1L J

J/Ψ(1S) cc 3096.916 ± 0.011 MeV/c2 92.9 ± 2.8 keV/c2 1−− 13S1

Υ(1S) bb 9460.3 ± 0.26 MeV/c2 54.02 ± 1.25 keV/c2 1−− 13S1

Table 2.1: Properties of the J/Ψ(1S) and Υ(1S) mesons, where J is the total angular momen-

tum, S the total spin and L the total orbital quantum number. P and C refer to the parity

and the charge symmetry. The mass and width values are the world average [9].

cutting gluon lines, this process is not forbidden, but suppressed (see Fig. 2.1 a). The sup-

pressed channel, related to the asymptotic freedom, must have high energetic gluons (hard

gluons) and hence a weaker coupling. Instead the OZI-allowed processes are typically of low

energy (soft gluons) with a stronger coupling. In Fig. 2.1 a) the energetically favored decay

of a J/Ψ(1S) in three π mesons is pictured. This decay is OZI-suppressed due to the cutable

gluon lines. The process shown in Fig. 2.1 b) J/Ψ(1S) → D++D− is kinematically forbidden,

because the combined mass of the D mesons is larger than the J/Ψ(1S) meson mass. Both

effects lead to a lifetime of 10−20 s of the J/Ψ(1S) meson [5].
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ū
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πo
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c̄
Ψ

u

d
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c

a) b)

c
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c

d̄
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Ψ

Figure 2.1: Charmonium: a) OZI-suppressed decay below DD̄ threshold, b) kinematical al-

lowed decay for charmonium states only above DD̄ threshold, when the decaying particle

mass is larger than the sum of the D mesons mass.

In 1976 the prediction had been made by Eichten and Gottfried, that the bottomonium (bb̄)

features a richer hierarchy of bound states (up to n = 3) than the charmonium due to the

larger mass of the b quark, which is more than 2 times heavier than the charm quark [10].

One year later the Υ(1S) was discovered at Fermilab in 400 GeV proton-nucleus collisions

and measured with a mass of 9.54 ± 0.04 GeV and a FWHM of 0.5 ± 0.1 GeV . The reso-

nance was also quickly interpreted as the 13S1 state [11]. The Υ(1S) meson decays mostly

hadronically with ≈ 87% branching ratio. The leptonic decay channel divides into the elec-

tron channel with 2.48 ± 0.07%, the tau channel with 2.60 ± 0.10% and the dimuon channel

with 2.48 ± 0.05% [9].
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2.2 Quarkonium Production at Hadron Colliders

In Fig. 2.2 and 2.3 the spectrum of energy levels of charmonium and bottomonium are

Figure 2.2: Spectrum of energy levels of charmonium [9].

shown with their possible decay modes. The level spacing between the charmonium and

the bottomonium systems are remarkably similar. The J/Ψ(1S) and theΥ(1S) meson are the

lowest possible state with the total angular momentum 1. For charmonium states with n≥3

the kinematically forbidden D meson production can occur due to the larger mass of the de-

caying charmonium resonance (not shown in the picture). For bottomonium a similar case

arises and has been measured for B meson production above n=4, which results in much

shorter lifetimes of these quasi-bound states. [5]

2.2 Quarkonium Production at Hadron Colliders

The J/Ψ(1S) and Υ(1S) mesons in hadron hadron collisions are produced via direct and in-

direct prompt production. Some generic Feynman diagrams for J/Ψ(1S) direct prompt pro-

duction can be found in Fig. 2.4. The Υ(1S) Feynman diagrams for direct prompt produc-

tion are similar. The indirect prompt production occurs via the decay of heavier states of

the charmonium or bottomonium respectively (see Fig. 2.2 and 2.3). The J/Ψ(1S) meson is

additional produced via nonprompt production from b meson decays (see Fig. 2.5).

The production mechanism of quarkonia itself is still under study and can not yet explain the

data. A lot of progress has been made with a factorization approach using non-relativistic

quantumchromodynamics (NRQCD), an effective field theory that includes the color-octet

mechanism. If the mass of the quarks is large enough, the velocities of the quarks and an-

tiquarks are non-relativistic (v << c). Quark potential models calculated an average value

of β = 0.3 for charmonium and β = 0.1 for bottomonium, which means that the hypothe-
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Chapter 2: Theory

Figure 2.3: Spectrum of energy levels of bottomonium [9].

sis is reasonable for charmonium and in agreement for bottomonium [12–14]. Within the

NRQCD the ansatz to calculate the quarkonium production is the following: the QCD is

modified in the way that the relativistic and non-relativistic terms and the quark and an-

tiquark components are separated automatically and the quark and antiquark are treated

non-relativistically:

LN RQC D =ψ†(i Do +
−→
D 2

2M
)ψ+χ†(i Do −

−→
D 2

2M
)χ+LLi g ht +δL , (2.1)

where ψ and χ are the Pauli spinor fields which create the heavy quark and the antiquark

respectively. LLi g ht describes the usual QCD term for gluons and light quarks. δL takes

the relativistic corrections of the full QCD into account. Do and
−→
D are the time and space

components of the gauge-covariant derivative Dµ = δµ+i g Aµ, where g is the QCD coupling

constant and Aµ = (Φ,
−→
A ) the SU(3) gauge field.
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2.2 Quarkonium Production at Hadron Colliders
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Chapter 2: Theory

The NRQCD describes the results for J/Ψ(1S) andΥ(1S) (in high pT regions) pT -differential

cross sections measured by the CDF experiment [6] in the dimuon channel, which was failed

by former theoretical approaches.

The J/Ψ(1S) and the Υ(1S) differential cross section can be seen in Fig. 2.6, where the theo-

retical calculations are compared to the CDF data of RUN I (
p

s = 1.8 TeV ). In NRQCD the

long distance color octet matrix elements are freely adapted to data, therefore the results are

correlated with data.

More details on different theoretical quarkonium production frameworks can be found

in [12–14].

Figure 2.6: Comparison of the CDF results [6] with the NRQCD approach using different

color-singlet and color-octet contributions for the direct J/Ψ(1S) and inclusive Υ(1S) re-

sults [14].

2.2.1 Polarization

The cross section depends on the polarization of the quarkonium, because this affects the

muons kinematical properties. The polarization is defined as the alignment of the J/Ψ(1S)

or Υ(1S) direction of motion and their Spin. Different theoretical approaches are result-

ing in different polarizations for the produced particles. In the NRQCD dominated by the

color-octet component the directly produced J/Ψ(1S) spin is calculated to be fully trans-

versely with respect to the Helicity frame (see Fig. 2.7). In the next to leading order (NLO)

QCD dominated by the color-singlet production the same states possesses a large longitudi-

nal component. For bottomonium, where the non-relativistic approach shows better agree-

ment, there are additional contradictions between the data of the CDF [15] experiment and

the D0 [16] experiment at Tevatron. The CDF data adverts to unpolarized and the D0 data to

8



2.2 Quarkonium Production at Hadron Colliders

longitudinally polarizedΥ(1S) mesons in the Helicity frame [8].

Figure 2.7: Picture of the different reference frames used in polarization. The Helicity frame

(HX): own flight/momentum direction of the quarkonium, the Collins-Soper frame (CS): bi-

secting angle between one beam and the opposite of the other beam and the Gottfried-Jackson

frame (GJ): direction of the momentum of one of the two colliding beams [8].

In this analysis the unpolarized scenario is used in the Monte Carlo simulations. This fact

has to be kept in mind, as the unknown polarization of the charmonium and bottomonium

will lead to the largest systematic uncertainty on the obtained results.

2.2.2 Definition of the Differential Cross section

The cross section calculates the probability for producing certain particles in the hadron

collisions. The differential production cross section d 2σ
d pT d y for a collision process is the cross

section at a certain rapidity and transverse momentum unit. The differential production

cross section for QQ̄ = J/Ψ(1S) andΥ(1S) respectively is defined as:

d 2σ
(
pp →QQ̄ X

)
d pT d y

·BR
(
QQ̄ →µ+µ−)= N fit

QQ̄
(pT ;A ,εtrack,εmuon id,εtrig)∫

L ·∆pT∆y
, (2.2)

where

N fit
QQ̄

=
N fit,uncorr

QQ̄

εA
=

N fit,uncorr
QQ̄

(εtrack)2 · (εid)2 ·εtrig ·A
(2.3)

is the corrected signal yield in a given pT bin obtained from a weighted 1-dimensional fit to

the invariant mass Mµ+µ− distribution. A is the geometrical and kinematical acceptance for

J/Ψ(1S) and Υ(1S) obtained via Monte-Carlo simulations. εtrack is the tracking reconstruc-

tion efficiency, εmuon id the muon identification efficiency and εtrigger the trigger efficiency

9



Chapter 2: Theory

obtained via data driven methods. The corrected yield is normalized to the integrated lu-

minosity
∫

L , the transverse momentum ∆pT and rapidity ∆y bin size of the J/Ψ(1S) and

Υ(1S) meson, respectively. The individual quantities used in the cross section calculation

are described in more details in the related section.

10



CHAPTER 3

The Compact Muon Solenoid
Experiment at the Large Hadron
Collider

The Large Hadron Collider (LHC) is a particle collider at the European Organization for Nu-

clear Research laboratory (CERN) in Geneva. The LHC is designed to accelerate protons and

also heavy ions. With a circumference of 26.7 km and a designed nominal center of mass en-

ergy of 14 TeV for proton-proton collisions, the LHC is the world’s largest and highest energy

collider.

Protons, extracted from H2 atoms, are accelerated in the linear accelerator (LINAC) and

then formed to bunches. Further they are accelerated to an energy of 26 GeV in the Proton

Synchrotron (PS). The energy is furthermore increased via the the Super Proton Synchrotron

(SPS) to an energy of 450 GeV before being transferred to the LHC, where the protons shall

be accelerated up to the designed energy of 7 TeV . The particles are kept on a circular or-

bit via 1232 superconducting dipole magnets, which are cooled with 96 t of fluid helium to a

temperature of 1.9 K to generate the required magnetic field of 8.33 T. The dipole magnets in-

crease the proton energy by 0.5 MeV per turn. Additionally 392 superconducting quadrupol

magnets are used to focus the particles. At design luminosity of L = 1034 cm−2 s−1 the parti-

cles will be bundled in 2808 bunches, separated via 25 ns, which contain 1.15 · 1011 particles

each. The proton beams are brought to collision at four collision points to be further investi-

gated by the experiments ALICE, ATLAS, CMS and LHC-b. In Fig. 3.1 the accelerator complex

at CERN is shown with its different preaccelerators and experiments. The four experiments

at LHC, which investigate the proton and heavy ion collisions respectively, are the ALICE,

11



Chapter 3: The Compact Muon Solenoid Experiment at the Large Hadron Collider

ATLAS, CMS and LHC-b detectors. ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact

Muon Solenoid), located at opposite places at the LHC (Point 1 and 5 respectively), ex-

plore a wide range of physics phenomena. ALICE (A Large Ion Collider Experiment) and

LHCb (LHC-beauty) on the contrary are meant for more specific purposes. ALICE, located

at point 2, will investigate quark-gluon plasma and LHCb, located at point 8, focus on b-

quarks and the CP-symmetry violation. At the design luminosity of L = 1034 cm−2 s−1 up to

20 collisions per bunch crossing are expected. Fast electronic read-out channels are needed

to match the resulting particles to the associated collisions, which are produced with a fre-

quency of 40 MHz.

Figure 3.1: Overview of the accelerator complex and the different experiments at CERN [17].

12



3.1 Overview of the CMS Detector

On March 30th, 2010 the first proton-proton collisions with a center of mass energy ofp
s = 7 TeV took place. By the end of the year 2010 a maximum instantaneous luminosity

of 2 · 1032 cm−2 s−1 and a recorded integrated luminosity of 43.17 pb−1 was achieved for pp

collisions (see Fig. 3.2).

Figure 3.2: Integrated luminosity versus time during stable beams at 7 TeV center-of-mass

energy; delivered (red) and recorded by the CMS detector (blue) [18].

3.1 Overview of the CMS Detector

The CMS experiment is 21.6 m long, has a diameter of 14.6 m and weights 12500 t. The

detector has to meet several physical requirements in order to ensure a good identification

and reconstruction of particles in a wide range of momenta and energy. These challenges

are fullfilled due to the high magnetic field of up to 3.8 T and high performance subdetectors

containing different kind of trackers and calorimeters assembled in the cylinder symmetri-

cal structure of CMS. A schematic overview of the CMS detector can be found in Fig. 3.3.

CMS has a superconducting solenoid with a length of 12.9 m and an inner diameter of

5.9 m. Some of the properties of the solenoid can be found in Table 3.1. The large magnetic

field of up to 3.8 T allows a strong track bending of charged particles for momentum mea-

surements. The diameter of the magnet coil is large enough to accommodate the tracker

and the calorimetry inside. In the center of the CMS detector close to the interaction point

13



Chapter 3: The Compact Muon Solenoid Experiment at the Large Hadron Collider

Figure 3.3: Schematic overview of the CMS detector [19].

the silicon pixel tracker detector is placed, enclosed from the silicon microstrip detector.

Overall the cylindrical tracking volume has a length of 5.8 m and a diameter of 1.6 m. The

tracker system of the CMS experiment is coated by the calorimeter. The electromagnetic

calorimeter (ECAL) is made of lead tungstate (PbWO4) crystals and surrounded by the brass

and scintillator sampling hadron calorimeter (HCAL). Additionally to the ECAL, a preshower

system is placed in front of the endcap to discriminate between high energetic photons and

two closely-spaced lower energy photons coming from π0 → γγ decays. The central HCAL

is completed by hadronic forward calorimeters in the endcaps. The return field core satu-

rates 1.5 m of iron yoke, in which the muon chambers are located. The CMS detector focus

on a good muon reconstruction, as muons with their clear signature are objects used in the

new physics analyzes e.g. the Higgs boson with a mass bigger than 180 GeV can decay in

four muons within the standard model. The muon chambers consist of three different kind

of detectors: aluminum drift tubes (DT) in the barrel region, cathode strip chambers (CSC)

in the endcaps and resisitve plate chambers (RPC) additionally [19].

This analysis is based on muon reconstruction, which is performed in the tracker and the

muon chambers of the CMS detector. Therefore in the next sections, after a short summary

of the coordinate conventions in CMS, the subdetectors needed for this analysis will be dis-

cussed.
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3.1 Overview of the CMS Detector

Magnetic Field 3.8 T

Number of coil windings 2168

Current 19.5 kA

Stored energy 2.9 GJ

Table 3.1: Properties of the superconducting solenoid [19].

3.1.1 Coordinate system conventions

The coordinate system has its origin at the nominal interaction point inside the CMS de-

tector and is defined in the following way: the x-axis points radially toward the center of the

LHC, the y-axis is orientated vertically upward and the z-axis is defined along the beam axis.

The azimuthal angle φ is measured from the x-axis in the x − y-plane and the polar space

angle θ is zero at the positive and π at the negative z-axis. Because the polar angle θ is not

Lorentz invariant, another coordinate is used, pseudorapidity η.

Rapidity and Pseudorapidity

The pseudorapidity η can be derived from the rapidity y of the particle. In collider physics,

the rapidity y is more advantageous in comparison to the polarangle θ, because in the labo-

ratory frame for a high energetic particle the decay products are closer to each other due to

the Lorentz transformation than in the rest frame of the particle. The rapidity y is Lorentz

space invariant and therefore independent of the choice of the reference frame.

y = tanh−1(
v

c
) = 1

2
ln

(
E +p||c
E −p||c

)
= 1

2
ln

 E +p||c√
p2

T c2 +m2c4

= 1

2
ln

cos2(θ2 )+ m2

4p2 + ...

sin2(θ2 )+ m2

4p2 + ...

 (3.1)

whereby E =
√

p2
||c

2 +p2
T c2 +m2c4 is the energy, m the rest mass, θ the angle between the

beam axis and the momentum, p|| the longitudinal (or parallel) and pT the perpendicular

(or transverse) momentum of the produced secondary particle.

For rapidities close to the speed of light and negligible particle masses (p >> mc and θ >> 1
γ )

they can be approximated with the pseudorapidity η [20]:

y ≈− ln

[
tan

(
θ

2

)]
≡ η (3.2)

In Fig. 3.4 the slice of one quarter of the CMS detector with the different values of the pseu-

dorapidity is pictured. The CMS detector can be divided in three regions of pseudorapidity

η. The barrel region is defined for an absolute value of |η| smaller than 1.3, the endcap region

is defined for an |η| bigger than 1.6. and in between the transition region is placed.
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Chapter 3: The Compact Muon Solenoid Experiment at the Large Hadron Collider

Figure 3.4: Slice of one quarter of the CMS detector with rapidity definitions [19].

3.2 Tracker System

The tracker system is placed around the interaction point at the innermost layer of the CMS

detector, where the particle flux has around 107 particles per second (at a radius of ≈ 10 cm).

This high track multiplicity requires high granularity detectors. Therefor three layers of sil-

icon pixel detectors with 66 million pixel and 10 layers of silicon microstrip detectors with

9.6 million silicon strips are installed to measure the particle trajectories and decay vertices.

The whole silicon tracker has a radius of 110 cm, a length of 540 cm and reaches a region of

up to a pseudorapidity of 2.5. In Fig. 3.5 the modules distribution in a quarter of the CMS

detector is presented.

Pixel Tracker Detector

The Pixel detector contains 3 barrel layers and 2 endcap layers at each side in a total surface

of approximately 1 m2. The barrel layers have a length of 53 cm and radii of 4.4 cm, 7.3 cm

and 10.2 cm. The endcap disks are placed at 34.5 cm and 46.5 cm in each z direction and

have radii between 6 and 15 cm. Each pixel has a volume of 100 x 150 µm2, heading to an

occupancy of 10−4 per pixel per bunch crossing and therefore 16000 readout chips are used.

In the barrel a large Lorentz effect occurs due to a Lorentz angle of 23o . This effect appears,

if the magnetic field is not parallel to the electric field. The ionization charge is bend due to

the Lorentz force and therefore spread over more pixels which leads to a better spatial reso-

lution in the r -φ plane. In the endcap the pixel detector is rotated by 20o to benefit from the

same effect. The spatial resolution is expected to be 10 µm in the r -φ plane and 20 µm in
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3.2 Tracker System
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Figure 3.5: The tracker layout of the CMS detector (one quarter of the z view) with the dif-

ferent subdetectors: double sided modules (blue) and single sided modules (red) of the strip

detectors and the pixel detectors [21].

the r − z plane.

Silicon Strip Tracker Detector

In a radius around the interaction point of 20 to 55 cm the flux of the particles is low enough

to facilitate the use of silicon strip detectors with a minimum cell size of 10 cm x 80µm, lead-

ing to an occupancy of 2-3 % per bunch crossing. In a radius of 55 to 110 cm the approximate

occupancy is around 1 % and therefore the silicon microstrips have a maximum cell size of

25 cm x 180 µm. The 9.3 million strip detectors are structured in around 15400 modules,

which are planned to be cooled to 253 K and contain a total surface of 200 m2. The silicon

strip detector can be divided in four categories (see Fig. 3.5): the tracker inner barrel (TIB),

the tracker outer barrel (TOB), the tracker inner disks (TID) and the tracker endcap (TEC).

The TIB contains of 4 layers in a distance smaller than 65 cm in both z directions parallel

to the beamline. Each silicon sensor is 320 µm thick. The single point resolution in this

detector part varies from 23-24 µm in the r -φ plane and is 230 µm in z direction. To fill

the gap between TIB and TEC 3 small disks, the TID are used. The TOB on the other hand

consists of 6 layers surrounding the TIB until a distance of 110 cm in z direction. Due to

smaller radiation levels in this distance lower granularity silicon sensors (about 500 µm) can

be used. The single point resolution in the TOB varies in the r-φ plane from 35 to 52 µm

and is 530 µm in the z direction. The barrel SiStrip tracker is completed by the TEC at each

end of the CMS detector. The TEC consists of 9 disks, which are placed perpendicular to the

beam line between 120 and 280 cm in z direction. The blue color-coded modules in Fig. 3.5

are the double-sided stereo modules, which are twisted 100 mrad to each other to measure

the missing component (z in TIB/TOB and r in TID/TEC) [19].
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Figure 3.6: The tracker resolution (left) and the global track reconstruction efficiency (right)

for single muons with transverse momenta of 1, 10 and 100 GeV/c in dependence of η [19].

The performance of the whole inner tracker system is presented in Fig. 3.6 [19] in depen-

dence of η and for different energetic muons.

3.3 Muon Chambers

In the CMS detector three different types of gaseous detectors are used for muon identifica-

tion and momentum measurement, which are all located in the return yoke. In Fig. 3.7 the

layout of the muon system in the CMS detector is pictured. In the barrel region, where neu-

trons are the main source of background, the muon rate and the residual magnetic field are

small, layers of aluminum drift tubes (DT), green-coded in the overview, are used of up to

η = 1.2. The forward region is dominated by a high energetic neutrons induced backround,

a high muon rate and high magnetic field. Cathode strip chambers (CSC), pictured in blue

in Fig. 3.7, are utilized in this region of up to a pseudorapidity of 2.4. Additionally to the

DTs and CSCs resistive plate chambers (RPCs) are installed (colored in red in Fig. 3.7). The

position resolution is coarser than the resolution in the RPCs and CSCs, but with a faster

time response. The muon chambers have a total surface of 25000 m2 with about 1 million

electronic channels.

Drift Tube Chambers

The muon barrel detector consists of 250 drift tube chambers, located in 4 layers inside the

return yoke, labeled as MB1-4, at a distance of 4.0, 4.9, 5.9 and 7.0 m around the beam axis.
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3.3 Muon Chambers

Figure 3.7: Layout of the CMS muon system (one quarter of z view) [19].

Each layer is divided into 5 wheels, labeled as YB-2 to YB+2 (in z), and subdivided into 12

sectors each covering an azimuthal angle of 30o . The chambers in the different stations are

arranged, that a high energetic muon, which is produced at the boundaries of the sectors,

crosses at least 3 of 4 stations. The 2 layers MB1 and MB2 are encased by 2 RPCs and the out-

ermost layers MB3 and MB4 are combined with one RPC each. In the drift tube chambers

the single point resolution is around 200 µm with a maximum drift length of 2 cm. For each

reconstructed muon the position resolution in φ is designed to be better than 1 mrad and

the resolution in direction to be around 100 µm. If a high energetic muon crosses all 4 DTs

and all 6 RPCs, it can produce up to 44 measurements for the muon reconstruction.

Cathode Strip Chambers

The muon endcap detector is made of 486 CSCs in the 2 endcaps, distributed in 4 stations

perpendicular to the beam axis (labeled as ME1 to ME4). Up to a pseudorapidity of 1.6 ad-

ditionally to the CSCs, RPCs are installed. Each CSC is built in trapezoidal shape to accom-

modate 6 gas gaps with planes of radial cathode strips and planes of anode wires almost

perpendicular to the strips ensuing a good muon acceptance. A charged particle traversing

through the chamber produces a charge in the anode wire and an image charge in a group of

cathode strips due to the gas ionization and the consequently following electron avalanche.

The center of gravity at this charge distribution in the cathode strips is taken for precise po-

sition measurement. In each CSC up to 6 space coordinates (r, φ, z) are computed in all 6

layers. The spatial resolution is about 100µm and the angular resolution inφ about 10 mrad.
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Resistive Plate Chambers

In the barrel region 480 RPCs are mounted. Each endcap is built out of 36 RPCs. The RPCs

consists of double gap bakelite chambers with gas gaps of 2 mm. The RPCs operate in

avalanche mode, where the electric field is reduced across the gap and therefore also the gas

amplification, which results in a robust signal intensification at the front-end electronics to

guarantee good operation at rates of up to 10 kHz/cm2 in order to ensure good distinction

between different bunch crossings. The good time resolution of the RPCs makes them good

for the triggers used at level 1 and in the high level triggers [22].

In Fig. 3.8 the muon resolution in the barrel and endcap region is pictured. The blue color-

coded line is the momentum resolution measured only in the muon system. This means

that the resolution is obtained by the bending angle in the muon chambers, whereby the

interaction point is taken as the origin of the muon. The green coded line belongs to the

muon resolution, which is determined by the tracker system only. Due to the Silicon Strip

and Pixel detectors the best momentum resolution for low pT muons is achieved. For the

full system (red line) the trajectory of the muon is extrapolated backwards to the interaction

point. [19]

Figure 3.8: The muon resolution in dependence of the momentum using the muon system

only, the inner tracker only and both systems for two different η regions (barrel and endcap)

[19].
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3.4 Trigger in CMS

3.4 Trigger in CMS

At the design luminosity and nominal center of mass energy of 14 TeV around 109 interac-

tions per second at a rate of 40 MHz are produced, but only 100 events/s can be read-out.

These have to be reduced for further storaging via online selection processes (trigger). LHC

is designed for 25 ns bunch crossing space , therefore to reduce the number of events where

the interactions under study are coming together with those coming from other interac-

tions from the same bunch crossing (pile up) the response time of the detector elements

are obliged to have a good time resolution. The CMS trigger system relies therefore on four

parts: the electronics, the LEVEL-1 trigger processors, the readout network and the online

event filter system, the high level triggers (HLT). After 3.2 µs the detector data, which was

held in buffers, is transferred to front end read out devices. During this time the decision

whether to keep or discard an event from a certain bunch crossing must be made. The

LEVEL-1 trigger needs less than 1 µs for the decision and its purpose is to identify certain

objects such as muons, calculate their momentum and location and match them to a cer-

tain bunch crossing. The LEVEL-1 trigger relies on the calorimetry, the muon systems and

correlation between the two systems. All muon detectors operate within the LEVEL-1 trigger

system to supply independent and complete sources of information. After the LEVEL-1 trig-

ger system the rate of around 100 kHz is again reduced via the HLT system to around 100 Hz

for further data storaging with a size for each event of about 1.5 MB for proton-proton inter-

actions. At HLT the information of the whole detector is used, based on the LEVEL-1 trigger

objects and calculated with reconstruction algorithms similar to those used in the later ac-

curate reconstruction for the data analysis [19].

3.5 Muon reconstruction

The raw data accumulated from the CMS experiment has to be further processed for physics

analysis. The reconstruction process can be classified in three steps: local reconstruction

within a certain detector module, global reconstruction within a whole detector and the

combination of those to obtain physics objects. The local reconstruction within a muon

drift tube chamber for example is received by muon hits in the drift cell, obtained from the

the drift velocity, to built 3-D track segments from the layers. The cathode strip chambers

on the other hand provides the position and time of arrival of the muon hits from the charge

distribution induced in the strips. In each chamber 3-D track segments can be determined

via 2-D segments in each layer combined with more layers. The local reconstruction of the

RPCs provides only the position of the muon hit. Similar local reconstruction is done in the

tracker and the calorimeters.
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The global reconstruction is based on the local reconstruction in individual modules of a

subdetector and combine them with algorithms to objects in this subdetector. In the muon

system, if the information of all different muon chambers is used to reconstruct a physics

object, this is defined as a Standalone muon. The track reconstruction takes into account

the information of the magnetic field and the energy loss due to the material budget, which

is primarily coming from the iron return yoke.

The combined reconstruction of physics objects relies on the whole CMS detector. If a muon

object is reconstructed in the muon stations and then matched to a track reconstructed in

the silicon tracker system, this is defined as a Global muon. The matching of silicon tracker

tracks to standalone muon tracks is done by at first defining a region of interest for the

matching due to the large track multiplicity in the tracker. Over the residual tracks in this

region of interest, defined rectangular in η−φ space, is then iterated with more stringent

momentum and spatial matching criteria to choose the best combination between silicon

tracker track and standalone muon track. Global muons have therefore a minimum pT cut

of 4 GeV/c in the barrel and 1 GeV/c in the endcap region.

The Tracker muons are objects which are reconstructed in the tracking system and then

matched to at least one tracklet in one muon station. The matching criteria between the

silicon tracker tracks and the muon chamber segments is kept very loose, therefore further

quality cuts have to be applied in the analysis itself (see Section 4.1). The algorithm for

tracker muons uses a minimum pT cut of 0.5 GeV/c and takes like all muon reconstruction

algorithms the magnetic field and the multiple scattering into account. The maximum dis-

tance from a chamber edge for a extrapolated tracker muon, that misses the active detector

volume, is 5 cm in x and y . Between the extrapolated track and the matching segment, the

matching quality demands 3 cm in x direction [19, 23–25].

22



CHAPTER 4

Analysis

The data used in this analysis were taken during RUN B (Run number 146428 to 149294)

of proton-proton collisions at
p

s = 7 TeV . RUN B collected an integrated luminosity of

36.38 ± 1.46 pb−1 . It was preferred to a combination of RUN A + RUN B due to developments

on synchronization between DT’s and CSC’s and algorithm improvements for the LEVEL-1

Triggers, which were implemented first in this runs [26].

The luminosity in CMS is measured using signals from the forward calorimeters (see Sec-

tion 3.1) to obtain the instantaneous luminosity. Two online methods are used based on

the forward calorimeters. One of them is the zero-counting method and takes the average

fraction of empty towers to infer the mean number of interactions per bunch crossing. The

second method uses the proportionality between average transverse energy per tower and

luminosity. The final normalization of the luminosity measurements is made by LHC using

the Van-der-Meer-scans. This scan determines the width of the colliding beams. A more

detailed description can be found in [27]. The systematic uncertainty from luminosity mea-

surements is 4 %, whereby the beam current measurement uncertainty dominates the total

error [27].

For Monte Carlo (MC) simulations Pythia 6.421 was used. Pythia generates events based on

the NRQCD with leading order color-singlet and color octet mechanisms (see Section 2.2).

The matrix elements are tuned using Tevatron data. The non-prompt decays are gener-

ated using the Evtgen package. The final state Bremsstrahlung was simulated with PHOTOS

package. The detector response is performed with GEANT4 [28]. In Table 4.1 the used sim-

ulated MC samples are listed. The total effective cross sections σtot for the different prompt
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and non-prompt decays include the dimuon branching fractions and filter efficiencies. The

event filter requires two muons within the tracker acceptance |ηµ| < 2.5 [29]. The used MC

signal samples are added by scaling them to the same integrated luminosity L in data:

scale = σtot ·L
NEvents

, (4.1)

where σtot is the total effective production cross section and NEvents is the number of gen-

erated events from Table 4.1.

Decay MC sample Events σtot [nb]

prompt JPsiToMuMu_2MuPEtaFilter_7TeV_pythia6_evtgen 8948960 543.42

B 0 → J/ΨX B0ToJPsiToMuMu_2MuPEtaFilter_7TeV_pythia6_evtgen 2062640 32.07

B± → J/ΨX BpToJPsiToMuMu_2MuPEtaFilter_7TeV_pythia6_evtgen 2200122 35.46

B 0
s → J/ΨX BsJPsiToMuMu_2MuPEtaFilter_7TeV_pythia6_evtgen 517955 10.12

Λ0
b → J/ΨX LambdaBToJPsiToMuMu_2MuPEtaFilter_7TeV_pythia6_evtgen 529547 2.08

prompt Upsilon1SToMuMu_2MuPEtaFilter_7TeV_pythia6_evtgen 2308191 14.29

Table 4.1: Used Monte Carlo samples, where the total effective cross section σtot includes the

dimuon branching fractions and filter efficiencies [29].

4.1 Event Selection

The events for this analysis are selected using the HLTDoubleMu0 or the former replac-

ing HLTDoubleMu0_Quarkonium HLT trigger path. This double muon HLT require two

muons with opposite charge sign. The HLTDoubleMu0_Quarkonium, which is defined since

run 147196, demands in addition that the invariant mass of the two muons is between

1.5 < Mi nv < 14.5 GeV/c2. After offline cuts and background substractions the amount of

reconstructed J/Ψ(1S) events in double muon HLT skimmed datasets is halved with respect

to the “single” muon HLT skimmed datasets [30]. Nevertheless due to the fact that they re-

main unprescaled1 during these runs they are preferred to the “single” muon triggers. The

prescale on a trigger can even change within a certain run, therefore a prescale on the trigger

would complicate the cross section estimation.

The muons in the event, which survive the double muon trigger, have to be Global and

Tracker muons simultaneously to ensure good muon reconstruction. The tracker muons are

reconstructed from the collision point in the center of CMS outwards to the muon chamber

and the global muon reconstruction starts from the muon chamber, then going inwards to

the center of CMS. In Fig. 4.1 the muon distributions in dependence of η and pT for muons

1Prescale "x" on trigger: every "x" event which fires the trigger is saved.
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4.1 Event Selection

coming from the J/Ψ(1S) and the Υ(1S) mesons are shown, where no further cuts are ap-

plied. It is obvious, that the muons need certain momenta to reach the different muon de-

tectors in the barrel and endcap region (see Section 3.5). The Υ(1S) mesons coming from

prompt decays are predominantly produced in the barrel region. The b production is en-

hanced in the forward-backward region. Muons from J/Ψ(1S) resonances are therefore pro-

duced mostly in the forward-backward region due to the nonprompt fraction coming from

b decays.
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Figure 4.1: The J/Ψ(1S) (left) and Υ(1S) (right) muon distribution in dependence of η and

pT for Tracker and Global muons (simultaneously) in 36 pb−1 of data. No further cuts are

applied.

Arbitration

If tracks are close to each other in the silicon tracker, it is possible, that the same segment

or set of segments in the muon chamber is matched to more than one track reconstructed

in the silicon tracker. A default arbitration algorithm is used to avoid this and improve the

muon quality:

∆r 2 =∆x2 +∆y2 (4.2)

where x and y are the distances between the extrapolated track and the segment in local x

and y coordinates. The combination with the smallest ∆r is selected [25, 31].

Momentum Scale Corrections

The measurement of the track momentum has systematic uncertainties due to limited

knowledge and modeling of the detector material, the magnetic field, the alignment and

the reconstruction algorithms. This has been studied by a working group within the CMS

Collaboration using the well known mass of the J/Ψ(1S) resonance. The method is still

developing and is based on a likelihood fit to a model of the J/Ψ(1S) mass lineshape [32].

This pT correction, which is applied in both the J/Ψ(1S) andΥ(1S) cross section results, de-
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pends on pT , η and ϕ. The ϕ-dependence is different for negative and positive charged

muons. [33]. The calibration function is described in Appendix A. The invariant mass of

the two muons with and without the momentum scale correction in dependence of η, pT

and ϕ of the J/Ψ(1S) is compared to the world average value in Fig. 4.2. The mass values

of the J/Ψ(1S) resonance in dependence of the different parameters are obtained fitting a

Gauß function. The calibration function still has to be improved in forward and low pT re-

gions. A good agreement can be seen in the barrel region and for the higher momentum

of the J/Ψ(1S) meson (P J/Ψ(1S)
T >10 GeV/c ). The mass values in ϕ-dependence are improved

with the calibration function, but are systematically too low. The same plots in dependence

of η, pT , ϕµ
−

and ϕµ
+

of the muons can be found in Appendix A.
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Figure 4.2: Momentum scale corrections using the J/Ψ(1S) resonance in dependence of η,

pT and ϕ of the J/Ψ(1S) . The red line refers to the world average value [9] of the J/Ψ(1S)

mass. The blue dots are the uncorrected and the red ones are the corrected data values. The

uncertainties refer to the statistical uncertainty.
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4.1.1 Reconstruction of the J/Ψ(1S) Meson

The quality of the reconstructed muon track can be improved applying reconstruction re-

lated selection cuts. The selection requires at least 12 hits in the tracker detector, whereby

2 hits have to be in the pixel detector. A normalized χ2/ndf smaller than 4 for Tracker muons

and smaller than 20 for Global muons are demanded additionally to reject both decay in

flight and punch-through. The muons are required to have their origin in a cylinder of 3 cm-

radius and 30 cm-length around the primary vertex and parallel to the beam pipe in order

to remove cosmic muons. The radius (dxy) is quite loose in comparison to the suggestions

in [31] to make sure, that muons from non-prompt J/Ψ(1S) ’s coming from b decays remain

in the event. A summary of the track quality cuts can be found in Table 4.2.

Number of valid hits > 11

Number of pixel hits > 1

Tracker χ2/ndf < 4

Global χ2/ndf < 20

|d x y | < 3 cm

|d z| < 15 cm

Table 4.2: Used track quality cuts for the J/Ψ(1S) analysis.

Kinematical acceptance cuts are applied to ensure a high reconstruction efficiency in the

phase-space of the analysis. The kinematical acceptance cuts were determined within the

B-Physics Analysis Group of the CMS Collaboration and they are used for all analyzes in the

Collaboration using J/Ψ(1S) ’s [34]. The kinematical acceptance cuts are:

|ηµ| < 1.3 pµ

T > 3.3 GeV/c

1.3 < |ηµ| < 2.2 pµ > 2.9 GeV/c

2.2 < |ηµ| < 2.4 pµ

T > 0.8 GeV/c

In the left plot of Fig. 4.3 opposite charge muons which are originating in a mass window of

1 GeV/c2 around the J/Ψ(1S) mass in an unpolarized MC, used for the acceptance estima-

tion, are shown. There are no additional cuts applied for the muons, so all type of muons are

shown. In the right plot in Fig. 4.3 the same distribution with the kinematical acceptance

cuts mentioned above is shown.
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Figure 4.3: Muon distribution in dependence of η and pT in the J/Ψ(1S) mass window for

the unpolarized MC for all kind of muons without any further cuts (left) and with the kine-

matical acceptance cuts (right).

In the J/Ψ(1S) analysis only mesons within a rapidity range of |y J/Ψ| < 2.4 are analyzed.

A data/MC comparison is presented for the J/Ψ(1S) candidates and their muons. For eachϕ,

η and pT bin the invariant mass of the J/Ψ(1S) candidates in data is fitted using a Gauß fit for

the signal and a linear fit for the background contribution (see Eq. 4.4). Two generic dimuon

mass distribution with the fit function can be found in Fig. 4.4. The various MC contribu-

tions are added by scaling them to the same integrated luminosity. Afterwards the whole

MC simulation distribution is normalized to the number of J/Ψ(1S) candidates in data. The

data/MC comparisons can be seen in Fig. 4.5. In general the MC simulation describe the

shape in data, except for high η and low pT regions in the J/Ψ(1S) distributions. In both

cases the data is underestimated by the MC.
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Figure 4.4: Generic dimuon invariant mass plots, where the fit function is a Gauß function

for the signal and a polynom of 1st order for the background: 0.4 < ηµ < 0.5 (left) and 1.0 <
pT JΨ < 2.0 GeV/c (right) obtained with 36 pb−1 of CMS data. Momentum scale correction is

not applied.
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Figure 4.5: Side-band subtracted distributions of muons from J/Ψ candidates (first column)

and J/Ψ(1S) candidates (second column) in dependence of η, pT and ϕ data (black dots)

compared to MC (blue histograms, see Table 4.1). The MC is normalized to the yield in data.
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Yield extraction

The number of J/Ψ(1S) events (yield) for the cross section estimation is obtained in three

steps. First of all a function is fitted to the dimuon invariant mass distribution in a range

from 2.6 GeV/c2 to 3.6 GeV/c2. The invariant mass distribution Mµ+µ− includes all kinemat-

ical acceptance cuts, track quality cuts and the momentum scale correction used in this

analysis. The function has a Gauß function to fit the signal and a linear function to fit the

background:

fSi g nal+Bkg (Mµ+µ−) = fSi g nal (Mµ+µ−) + fBkg (Mµ+µ−) (4.3)

= Nsi g nalp
2π ·σ ·exp

(
−1

2
· (Mµ+µ− −µ)2

σ2

)
+a ·Mµ+µ− +b (4.4)

where Nsi g nal is the number of J/Ψ(1S) mesons, σ and µ are the width and the mean value

of the Gaußian distribution. This fit is only used to estimate the slope and the y-intercept

freely for the background fit. Due to final state radiation and different mass resolutions in the

different η regions of the CMS detector this signal+background fit function cannot describe

the data completely.

In the second step of this approach the optimal background fit interval is determined. For

this reason a line function in the range of 2.6 to 3.1 GeV/c2 is fitted. If the normalized χ2

of this fit is not smaller than 2 the function is fitted again in a 0.1 GeV/c2 smaller fit range,

subtracted from the upper fit range value. The same method is used to determine the upper

point of the signal region, where a linear fit is applied in the range of 3.1 to 3.6 GeV/c2. If

the normalized χ2 is not smaller than 2 the fit is performed again in a smaller range, which is

obtained by adding 0.1 GeV/c2 to the lower fit range value. After determining the background

fit region a fit is performed in which the signal peak is excluded. The number of signal and

background NSi g nal+Bkg events is obtained by counting the entries of the histogram in the

obtained signal region, where the uncertainty σNSi g nal+Bkg is the square root of the number

of entries. The number of background events NBkg is determined by integrating the line fit

in the same signal region, while the signal region is not excluded anymore and the former

obtained covariance error matrix of the background fit is used to evaluate the uncertainty

of the number of backgrounds σNBkg . The acquired number of J/Ψ(1S) signal events Nsi g nal

is then obtained by subtracting the numbers and the corresponding uncertainty σNsi g nal is

propagated.

Nsi g nal = |NSi g nal+Bkg −NBkg | (4.5)

σNsi g nal =
√
σ2

NSi g nal+Bkg
+σ2

NBkg
(4.6)
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In the last step, the value of the mean and the width of the signal peak is extracted in order

to obtain the mass and its resolution. Therefore only a Gauß fit function is applied in the

central part of the peak in order to avoid a bias from the non-Gaußian tails, which originate

from final state radiation. The Gauß fit is repeated in a 1 to 3 σ region around the mean

of the Gauß function to optimize the fit results with respect to the former fit results. The

different steps are shown for different pT and η regions in Fig. 4.6 and 4.7, where the first

step corresponds to the first column.

The obtained mass of the J/Ψ(1S) meson and the mass resolutions in the different pseudo-

rapidity and transverse momentum ranges can be found in Table 4.3. The mass values in low

pT and high rapidity regions deviate from the world average value of 3096.916± 0.011 MeV/c2

hence the pT correction formula still needs improvements in this regions (see Section 4.1).

As expected the mass value optimizes in comparison to the PDG value in high pT regions

and small η regions. The mass resolution improves due to the different used detectors from

the forward region to the barrel region by more than 40 %.

p J/Ψ
T [GeV/c ] mean [MeV/c2 ] sigma [MeV/c2 ]

|ηJ/Ψ| < 1.3 > 10 3095.85 ± 0.20 26.75 ± 0.35

< 10 3096.93 ± 0.13 24.54 ± 0.20

1.3 < |ηJ/Ψ| < 1.6 > 10 3094.39 ± 0.26 37.67 ± 0.44

< 10 3096.03 ± 0.45 40.02 ± 0.80

1.6 < |ηJ/Ψ| < 2.4 < 10 3092.99 ± 0.14 46.07 ± 0.22

> 10 3094.41 ± 0.34 45.90 ± 0.54

Table 4.3: Measured mean and sigma of the Gauß function in the different pseudorapidity

and transverse momentum bins for the J/Ψ(1S) meson using 36 pb−1 of CMS data.
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Figure 4.6: Dimuon invariant mass distribution for pJ/Ψ(1S)
T < 10 GeV/c in the η-regions:

|ηJ/Ψ(1S)| < 1.3, 1.3 < |ηJ/Ψ(1S)| < 1.6 and 1.6 < |ηJ/Ψ(1S)| < 2.4 (rows) and the 3 steps (columns)

used to determine the number of J/ψ events with 36 pb−1 of CMS data.
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Figure 4.7: Dimuon invariant mass distribution for pJ/Ψ(1S)
T > 10 GeV/c in the η-regions:

|ηJ/Ψ(1S)| < 1.3, 1.3 < |ηJ/Ψ(1S)| < 1.6 and 1.6 < |ηJ/Ψ(1S)| < 2.4 (rows) and the 3 steps (columns)

used to determine the number of J/ψ events with 36 pb−1 of CMS data.
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4.1.2 Reconstruction of the Υ(1S) Meson

Similar track quality cuts are applied in the Υ(1S) analysis. In the tracker detector at least

12 hits are required, with at least one originating from the pixel detector. A vertex cut is

demanded as well requiring the muons coming from an origin around the primary vertex in

a cylinder of 0.2 cm radius and 50 cm length parallel to beam line. The radius is kept smaller

than the one from the J/Ψ(1S) analysis, hence Υ(1S) mesons are only coming from prompt

decays. The track quality cuts are summarized in table 4.4. The analysis is performed in

a rapidity window of |yΥ| < 2.0, hence the acceptance is decreasing at high rapidity (see

Fig. 4.13 in Section 4.2).

Number of valid hits > 11

Number of pixel hits > 0

Tracker χ2/ndf < 5

Global χ2/ndf < 20

|d x y | < 0.2 cm

|d z| < 25 cm

Table 4.4: Used track quality cuts for theΥ(1S) analysis.

A good reconstruction in the analysis phase-space is ensured applying following kinemat-

ical acceptance cuts, obtained within the B Physics Analysis Group of the CMS Collabora-

tion [34]:

|ηµ| < 1.6 pµ

T > 3.5 GeV/c

1.6 < |ηµ| < 2.4 pµ

T > 2.5 GeV/c

The η-pT reconstruction efficiency of muons in a mass window of 3 GeV/c2 around theΥ(1S)

mass is shown in Fig. 4.8. The Υ(1S) decay mostly in the barrel region and the momen-

tum cuts are compared to the J/Ψ(1S) analysis higher to ensure good reconstruction of the

muons.

A comparison of the η, pT and ϕ distributions ofΥ(1S) candidate kinematic parameters be-

tween data and MC is performed. The number ofΥ(1S) candidates in data for each ϕ, η and

pT bin is obtained by using a Gauß fit for the signal and a linear fit for the background (see

Eq. 4.4) to the dimuon invariant mass distribution. Some generic dimuon mass distribu-

tions with the fit function can be found in Fig. 4.9. The MC samples, which are used in this
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Figure 4.8: Muon reconstruction efficiency in dependence of η and pT in the Υ(1S) mass

window for the unpolarized MC without any further cuts .

analysis, are listed in Table 4.1. The comparison can be found in Fig. 4.10. The MC distri-

butions are normalized to the data yield. The MC simulations describe the shape in data,

except for high and low pT regions. The pT distribution is divided to avoid normalization

effects coming from the discrepancies in low pT regions, where the data is underestimated.
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Figure 4.9: Generic dimuon invariant mass plots, where the fit function is a Gauß function

for the signal and a linear line for the background: −0.7 < ηΥ <−0.6 (left) and 13.0 < pT Υ <
14.0 GeV/c (right) obtained with 36 pb−1 of CMS data. Momentum scale correction is not

applied.
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Yield extraction

The number ofΥ(nS) events (yield) for the cross section estimation is obtained using a fit to

the dimuon invariant mass distribution, where all kinematical acceptance cuts, track quality

cuts and the momentum scale correction are applied. The function has four Gauß functions

to fit theΥ(nS) resonances and an exponential or linear function to fit the background. Two

Gauß functions are used to fit theΥ(1S) resonance. Due to the different momentum resolu-

tions in the different η regions of the CMS detector a single Gauß function cannot describe

completely the data. The mean is the same for both Gauß functions and the widths are free

parameter. The second and the third Gauß function of the fit function are used to fit the

Υ(2S) andΥ(3S) resonance, respectively. The means and widths are kept as free parameters.

For this reason the uncertainties of the number of Υ(nS) events contain the statistic uncer-

tainty and the systematic uncertainty due to the fit. The fit functions integrated over the

whole pT range in the central, transition and barrel region can be found in Fig. 4.11.
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The obtained masses of the Υ(nS) mesons in the different pseudorapidity ranges can be

found in Table 4.5. The mass values are determined by integrating over the whole pT region.

Therefore the obtained values deviate from the PDG values [9] due to the variations in large

pseudorapidity and low momentum regions (see Fig. 4.2). It has to be taken into account

that the uncertainties are the statistical only and no systematics are obtained.

PDG |ηΥ(1S)| < 1.3 1.3 < |ηΥ(1S)| < 1.6 1.6 < |ηΥ(1S)| < 2.4

Υ(1S) 9460.30 ± 0.26 9457.37 ± 0.87 9456.06 ± 2.04 9455.42 ± 1.40

Υ(2S) 10023.26 ± 0.31 10019.87 ± 2.07 10011.84 ± 6.13 10014.84 ± 7.45

Υ(3S) 10355.2 ± 0.5 10350.73 ± 3.45 10355.23 ± 9.76 10337.49 ± 13.11

Table 4.5: Measured mean in MeV/c2 of the Υ(nS) resonances in the different pseudorapidity

bins compared to the PDG values [9] using 36 pb−1 of CMS data.
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Figure 4.11: Dimuon invariant mass distribution integrated over the whole pT range in the

3 η regions used to determine the number ofΥ(nS) events with 36 pb−1 of CMS data.
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4.2 Acceptance

The Muons need certain momenta to reach the different muon chambers (see Fig. 4.1 in Sec-

tion 4.1.1). Additional the CMS detector limits the detection of muons in a pseudorapidity

range of |η| < 2.4. The acceptance is the probability, that each muon leaves a detectable

track limited via this geometrical and kinematical acceptance of the CMS detector. The

acceptance contains also the kinematical acceptance cuts for J/Ψ(1S) and Υ(1S) mesons,

which are defined in Section 4.1.1. The acceptance is obtained via an unpolarized Monte

Carlo sample including only muons coming from J/Ψ(1S) , Υ(1S) , Υ(2S) and Υ(3S) decays.

The acceptance is defined as the fraction of the number of detectable events NDet(pT , y)

in a given (pT , y) bin of J/Ψ(1S) or Υ(1S) divided by the corresponding number of gener-

ated events NGen(pT , y) in the MC simulation (see Eq. 4.7). For both numbers the generated

muon kinematical properties are taken to avoid binning effects.

A (pT , y) = NDet (pT , y)

NGen(pT , y)
(4.7)

The reconstructed muons are matched to generated muons within a cone1 of ∆R < 0.05.

The acceptance depends on the polarization of the J/Ψ(1S) and Υ(1S) meson, which affects

the kinematical properties of the muons. For this analysis only the unpolarized scenario is

used. In Fig. 4.12 the unpolarized J/Ψ(1S) andΥ(1S) acceptance in dependence of |y | and pT

is shown. The difference at low momentum for J/Ψ(1S) and Υ(1S) arises from the different

kinematics of the daughter muons due to the mass difference of the mesons. The muons

coming from Υ(1S) decays have enough momentum ( E ∼ 5 GeV) to pass the minimum pT

cut, but for the lower J/Ψ(1S) mass the muons do not reach the muon chambers. In the

Υ(1S) acceptance, the dip at around 5 GeV/c - half of the Υ(1S) mass, comes from events

where one of the muons is boosted in opposite direction to the Υ(1S) . In these events the

muon energy is too low and the muon do not reach the muon chambers (see the right plot

in Fig. 4.13). At higher pT the trailing muon is getting enough boost to meet the pT cut of the

muon detector acceptance more often again. The unpolarized Υ(1S) acceptance integrated

over pT as a function of |y | is shown in Fig. 4.13 to motivate the rapidity cut |y | < 2 for the

Υ(1S) analysis, hence the acceptance decreases in this region. The acceptance values in pT

bins are presented in Appendix B.

1The ∆R is defined as: ∆R =
√

(∆η)2 + (∆ϕ)2, where ∆η and ∆ϕ is the distance between the generated and

reconstructed muon in η and ϕ, respectively.
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Figure 4.12: Unpolarized J/Ψ(1S) (left) and Υ(1S) (right) acceptance in dependence of |y |
and pT .
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Figure 4.13: Unpolarized Υ(1S) acceptance integrated over pT as a function of |y | (left) and

integrated over |y | as a function of pT (right).
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4.3 Efficiency

The efficiency measurements used for the final cross section results are related to instru-

mental effects. The efficiency gives the number of how many J/Ψ(1S) or Υ(1S) events are

surviving due to the reconstruction algorithms, trigger or track quality cuts. The overall effi-

ciency for a J/Ψ(1S) andΥ(nS) meson (QQ̄), respectively is defined as:

εQQ̄ (pT ,η) = (εµreco(pT ,η))2 · εQQ̄
trigger(pT ,η) (4.8)

where εµreco(pT ,η) is the reconstruction efficiency for a muon. This is the probability that

a muon passing all muon requirements is found. The trigger efficiency εQQ̄
trigger(pT ,η) is the

probability that the detected dimuon event fires the double muon trigger.

The efficiencies are all determined using the tag and probe method. This is a data driven

method that do not rely on MC simulations and therefore different theoretical approaches

have no influence. In the tag and probe method a well identified muon (called tag) is com-

bined with a second object in the event (called probe) and the invariant mass is computed.

The invariant mass is required to be in a certain mass window around the resonance under

consideration. The probes that fulfill the criteria under consideration are labeled as selected

probes. The efficiency ε than is the number of selected probes n divided by the total num-

ber of probes N . In each case the number of QQ̄ events is obtained by a fit to the dimuon

invariant mass distribution in order to substract the background:

ε= n

N
, σε = 1

N

√
Nε(1−ε) =

√
n(N −n)

N 3 , (4.9)

where σε is the statistical uncertainty given by the binomial error.

4.3.1 J/Ψ(1S) Reconstruction Efficiency

In this analysis only global muons are considered to determine the cross sections. The re-

construction efficiency εµreco(pT ,η) for a global muon is the probability that a track in the

tracker εµtrack(pT ,η) is found and that this track is matched to a muon object εµmuon id(pT ,η)

detected in the muon chambers. The reconstruction efficiency is determined using different

disjoint probe categories to assure, that all kind of muons are treated and a fit is performed

to the invariant mass of each category separately [35].
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The reconstruction efficiency can be defined as:

ε
µ
reco(pT ,η) = εµtrack(pT ,η) · εµmuon id(pT ,η) (4.10)

= εµtrack(pT ,η) · εµmatch(pT ,η) · εµstandalone(pT ,η), (4.11)

where εµtrack(pT ,η) is the efficiency for a muon candidate in the silicon tracker within the

track quality cuts and ε
µ

standalone(pT ,η) is the efficiency for a muon candidate in the muon

chambers, which is then matched correctly εµmatch(pT ,η) to a global muon.

A tag is defined as a muon, that is both tracker and global muon with a pT ≥ 3 GeV/c to en-

sure a well reconstructed muon. One tag muon is selected for the whole event. The muon

has to satisfy all muon requirements, kinematical acceptance cuts and track quality cuts

mentioned in Section 4.1.1. The same applies for the probe candidate, if possible: e.g. a

standalone muon does not have to satisfy the track quality cuts for the inner tracker track.

This means that the track quality cut efficiency is included in the tracking efficiency (com-

pare Appendix D). All probe candidates are required to have an opposite charge sign com-

pared to the tag candidate. The invariant mass of the probe and the tag have to be in a mass

window around 1 GeV/c2 with respect to the PDG value [9]. The different probe categories

are summarized in Table 4.6.

Probe type Definition x

Golden a global muon satisfying tag criteria is found G

Matched a global muon is found, but does not satisfy tag criteria M

Unmatched track and standalone muon exist, but no global muon is found U

Tracker only only a tracker track is found T

Standalone only only a standalone muon is found S

Table 4.6: Probe types and their definitions used to obtain the reconstruction efficiency [35].

If the probe muon also meets the criteria of a tag muon this probe category is defined as a

golden (G) probe. The second probe type is the matched (M) probe category, where the

probe muon is global and tracker, but does not satisfy the transverse momentum cut of

the golden category. If the muon probe candidate is a standalone muon only and can be

matched to a tracker track with the same charge sign within a cone of ∆R < 0.3 this probe

is added to the unmatched (U ) probe category. Otherwise this probe candidate falls into

the standalone only (S) category. The last probe category is the tracker only one (T ), where

all tracker tracks, which can not be matched to another muon are stored. The tracks are

required to fulfill all track quality cuts and have opposite charge to the tag muon.
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These probe categories are used to obtain the standalone, tracker and matching efficiency

using the following equations [35].

εst and alone = 2NGG +NGM +NGU

2NGG +NGM +NGU +NGT
(4.12)

εtr acker = 2NGG +NGM +NGU

2NGG +NGM +NGU +NGS
(4.13)

εmatchi ng = 2NGG +NGM

2NGG +NGM +NGU
(4.14)

where NGx corresponds to the tag and probe events containing a probe of type x (see Ta-

ble 4.6). The factor 2 corresponds to the fact that in the golden category, the tag can also be

a probe and vice versa. This method obtains the same results as if one would require e.g. for

the standalone efficiency, a tracker track as a probe and a global muon as a selected probe.

In contrast the used method assures that every probe category and its mass resolution is

treated correctly. The number of events is obtained by a fit to the invariant mass distribu-

tion, where the signal is described by a Gauß-function and the background is described by

a polynom function of 1st or 2nd order. If the statistic in a certain η−pT bin is large enough

the number of events is obtained by using the same method, which is also used to obtain the

yield of the cross section described in Section 4.1.1. This method is used in order to account

for the tail of the dimuon invariant mass distribution due to final state radiation.

For the reconstruction efficiency another HLtrigger has to be used in order not to bias

the reconstruction efficiency. For the muon related efficiencies (εst and alone and εmatchi ng )

the HLT_Mu5_Track0_Jpsi trigger path is used, which requires any kind of muon with a

pT > 5 GeV/c and a track only without any pT cut, but unbiased with respect to the muon sys-

tem. The invariant mass of the muon and the track is required to be 2.5 < Mi nv < 4.1 GeV/c2.

The track related efficiencies (εtr acker with track quality cut efficiency) is measured by us-

ing a dataset selected by the HLT_Mu5_L2Mu0 trigger path, which requires any muon with

a pT > 5 GeV/c and a second muon object only identified in the muon chamber. Both HLT

triggers have high prescales, therefore RUN A+RUN B combination and only four pT bins

are used to ensure that the statistic in all probe categories is reasonably high. The whole

approach to obtain the reconstruction efficiency is obtained for both HLT triggers exclu-

sively to avoid errors coming from prescales. This means, that the Golden, Matched and

Unmatched category is filled for both HLT triggers separatly. The standalone category is

only filled for the HLT_Mu5_L2Mu0 trigger and the tracker category with events fired by the

HLT_Mu5_Track0_Jpsi trigger. The number of events in each category and all invariant mass

fits can be found in Appendix C. The tag and probe method is also performed with the MC

samples listed in Table 4.1 to cross check the resulting reconstruction efficiency.

The tracking efficiency in the different η regions in dependence of the pT of the probe muon

can be found in Fig. 4.14 (and values in Appendix C). In the barrel region in the first pT bin
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Figure 4.14: Tracking efficiency using the J/Ψ(1S) resonance determined by the tag and probe

method with 36 pb−1 of CMS data.

the standalone muons, which are used to obtain the tracking efficiency, have not enough

energy to reach the muon chambers. In the transition and forward region in the same trans-

verse momentum range standalone muons are detected, but the statistic is too low in com-

parison to the other probe categories, therefore the efficiency in this region is 100 %. The

tracking efficiency exceeds in all bins 99 %, which points to the excellent performance of the

tracker detector for muons in CMS.

In Fig. 4.15 (and values in Appendix C) the matching efficiency in the different η regions in

dependence of the pT of the probe muon is shown. In the central region for a pT <2.0 GeV/c

the muons have not enough energy to be detected by the muon chambers, therefore this bin

is empty. In the subsequent bins in the unmatched category the statistic is too low, due to

this the matching efficiency raises to 100 %. The matching efficiency transcends in all bins

99 % and stands for the good performance of the muon matching algorithms in CMS.

The standalone efficiency, shown in Fig. 4.16 (and values in Appendix C), is the probabil-

ity that a muon leaves a track in the muon chambers. The leading probe category for the

standalone efficiency is the tracker only category. The standalone efficiency is lower than
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Figure 4.15: Matching efficiency using the J/Ψ(1S) resonance determined by the tag and

probe method with 36 pb−1 of CMS data.

the tracking efficiency due to the higher performance of the silicon tracker and the fact, that

the silicon tracker is closer to the interaction point and lower momentum muons can reach

the tracker. The standalone efficiency dominates the whole muon reconstruction efficiency.

The discrepancies of the standalone efficiency (see Fig. 4.16) in the central region in com-

parison to the same method obtained with MC signal samples causes the discrepancies in

the reconstruction efficiency in the central region in comparison to MC simulations.

The muon reconstruction efficiency is obtained by multiplying the tracking, matching

and standalone efficiency. The statistical uncertainty of the reconstruction efficiency is

propageted from the binomial errors of each efficiency. The reconstruction efficiency in

all detector regions in dependence of the pT of the probe muon compared to MC Truth and

MC Tag and Probe is presented in Fig. 4.17. The MC Truth is obtained by the prompt and

non-prompt J/Ψ(1S) signal MC samples, where the generator information of the muon is

used to ensure that the reconstructed muon is coming from a J/Ψ(1S) decay. The number of

matched reconstructed muons is divided by the corresponding number of generated muons

from J/Ψ(1S) decays. All track quality cuts are applied for the reconstructed muon to obtain

the MC Truth reconstruction and track quality cut efficiency at the same time.
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Figure 4.16: Standalone efficiency using the J/Ψ(1S) resonance determined by the tag and

probe method with 36 pb−1 of CMS data.

It has to be taken into account, that for the MC Tag & Probe efficiencies the statistic in the

MC samples is quite low (compare Table 4.1). Regarding statistical uncertainties only the

MC Truth and the MC Tag & Probe values lie within an 1 σ range, which shows the reliability

of the tag and probe method. For this reason the statistical uncertainty from tag and probe

in data is taken as a systematic uncertainty in the resulting cross section measurements. The

reconstruction efficiency with the uncertainties can be found in Table 4.7.
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pµ

T [GeV/c ] |ηµ| < 1.3 ∆MC T &P−Dat a T &P ∆MC Tr uth−Dat a T &P

2.0-3.5 26.67 ± 0.83 4.36 5.78

3.5-7.0 79.90 ± 0.22 10.22 12.14

7.0-30.0 97.18 ± 0.15 0.39 0.86

pµ

T [GeV/c ] 1.3 < |ηµ| < 1.6 ∆MC T &P−Dat a T &P ∆MC Tr uth−Dat a T &P

0.5-2.0 0.34 ± 0.08 0.02 0.12

2.0-3.5 49.53 ± 0.61 2.17 0.59

3.5-7.0 95.97 ± 0.24 3.26 2.00

7.0-30.0 96.44 ± 0.35 2.06 0.82

pµ

T [GeV/c ] 1.6 < |ηµ| < 2.4 ∆MC T &P−Dat a T &P ∆MC Tr uth−Dat a T &P

0.5-2.0 13.32 ± 0.26 0.02 0.42

2.0-3.5 75.57 ± 0.44 2.17 1.43

3.5-7.0 94.13 ± 0.24 3.26 2.56

7.0-30.0 94.90 ± 0.36 2.06 1.09

Table 4.7: Reconstruction efficiency in % obtained by the tag and probe method for the

J/Ψ(1S) resonance in bins of η and pT of the probe muon in data, where the uncertainty

is statistical and the difference between MC tag and probe (T&P) and the MC Truth with

respect to the efficiency obtained by data.
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Figure 4.17: Reconstruction efficiency using the J/Ψ(1S) resonance determined by the tag

and probe method with 36 pb−1 of CMS data compared to MC Truth.
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4.3.2 Υ(1S) Reconstruction Efficiency

Due to the available offline trigger at this stage of data taking, the reconstruction (and track

quality cut) efficiency for theΥ(1S) analysis is performed using the reconstruction efficiency

obtained with the J/Ψ(1S) resonance. The J/Ψ(1S) reconstruction efficiency is weighted us-

ing a map determined by dividing the MC Truth reconstruction efficiency for Υ(1S) and

J/Ψ(1S) . This is done to take the different pT distributions of muons from J/Ψ(1S) and

Υ(1S) decays into account:

ε
µ

r eco d at a Υ(1S) =
ε
µ

r eco MC Υ(1S)

ε
µ

r eco MC J/Ψ(1S)

· εµr eco d at a J/Ψ(1S) (4.15)

The map used to obtain theΥ(1S) reconstruction efficiency is shown in Fig. 4.18.
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Figure 4.18: MC Truth reconstruction map needed to obtain the Υ(1S) reconstruction effi-

ciency.

The determined values for the Υ(1S) reconstruction efficiency are shown in Fig. 4.19, where

the MC Truth reconstruction efficiency for both J/Ψ(1S) and Υ(1S) , respectively, and the

used data driven efficiencies are shown. The Υ(1S) reconstruction efficiency can additional

be found in Table 4.8, where the second uncertainty refers to the difference to theΥ(1S) MC

Truth reconstruction efficiency. As expected from the J/Ψ(1S) reconstruction efficiency the

largest differences are in the barrel region. The statistical uncertainties from the weighted
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Chapter 4: Analysis

J/Ψ(1S) reconstruction efficiency are used as a systematic uncertainty in the resultingΥ(1S)

cross section measurement.

pµ

T [GeV/c ] |ηµ| < 1.3 ∆MC Tr uth−Dat a T &P

2.0-3.5 - -

3.5-7.0 87.55 ± 0.25 13.30

7.0-30.0 96.74 ± 0.15 0.86

1.3<|ηµ| < 1.6 ∆MC Tr uth−Dat a T &P

2.0-3.5 - -

3.5-7.0 97.54 ± 0.24 1.99

7.0-30.0 96.99 ± 0.35 0.83

1.6 < |ηµ| < 2.4 ∆MC Tr uth−Dat a T &P

2.0-3.5 89.98 ± 0.52 1.71

3.5-7.0 98.83 ± 0.25 2.69

7.0-30.0 98.30 ± 0.37 1.13

Table 4.8: Reconstruction efficiency forΥ(1S) in % using the weighted J/Ψ(1S) reconstruction

efficiency values determined by the tag and probe method with 36 pb−1 of CMS data. The

uncertainty is statistical and the second column refers to the difference with respect to the

Υ(1S) MC Truth reconstruction efficiency.
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Figure 4.19: Reconstruction efficiency for Υ(1S) using the J/Ψ(1S) resonance determined by

the tag and probe method with 36 pb−1 of CMS data compared to MC Truth.
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4.3.3 J/Ψ(1S) Trigger Efficiency

The efficiency for the double muon trigger, which is used in this analysis, is obtained using

another dataset in order not to be biased by the trigger selection. In the beginning of LHC

data taking the muon trigger efficiency was obtained using a single muon trigger skimmed

dataset, but hence the only remaining “single” muon trigger in this stage of data taking re-

quires additional tracks or muons around the Jpsi mass, this would cause a bias on the dou-

ble muon trigger efficiency. The dataset used for the trigger efficiency measurement in this

analysis requires an electron or a jet trigger. Therefore it is orthogonal to the muon trigger

under study.

The trigger efficiency is defined as:

εtr i g g er,J/Ψ(pJ/Ψ(1S)
T ) = Ntr i g g er (pJ/Ψ(1S)

T )

N (pJ/Ψ(1S)
T )

, (4.16)

where N (pJ/Ψ(1S)
T ) is the number of reconstructed J/Ψ(1S) events in a given pJ/Ψ(1S)

T bin.

The reconstructed muons have to fulfill the same criteria mentioned in Section 4.1.1.

Ntr i g g er (pJ/Ψ(1S)
T ) is the number of events in which the double muon Trigger fired.

The double muon triggers used in this analysis are the HLTDoubleMu0 or the former replac-

ing HLTDoubleMu0_Quarkonium HLT trigger (see Section 4.1). Due to the low statistic in the

dataset (less than 10000 events in total) the trigger efficiency is only studied in dependence

of the transverse momentum. In the MC simulation only the HLTDoubleMu0 trigger path is

included, but hence the HLTDoubleMu0_Quarkonium requires only additional a mass win-

dow cut of 1.5 < Mi nv < 14.5 GeV/c2 , this has no effect in the comparison between data

and MC. The number of events in each pJ/Ψ(1S)
T bin is determined fitting the dimuon invari-

ant mass distribution. The fit function contains a Gauß function for the signal and a line

function for the backround. All fits can be found in Appendix E.

The trigger efficiency as a function of pJ/Ψ(1S)
T of the J/Ψ(1S) resonance is shown in Fig. 4.20.

Regarding statistical uncertainties only the MC trigger efficiency lies within a 2-5 σ range in

comparison to the data.

One possible explanation for this discrepancy could be that the double muon trigger is not

correctly described in the MC simulation. Another source of the discrepancy could also be a

physical bias in the trigger efficiency measurements due to different datasets, electron and

jet datasets. The later has been checked by using compatible MC signal samples and then

fitting to the dimuon invariant mass distributions in the J/Ψ(1S) mass window. Due to low

statistics in these MC datasets, a clear explanation about the discrepancy could not be given.
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4.3 Efficiency

The statistical uncertainty in data is taken as systematics in the cross section measurements.

The trigger efficiency is summarized in Table 4.9.
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Figure 4.20: Double muon trigger efficiency using the J/Ψ(1S) resonance in a dataset se-

lected by electron and jet trigger to not bias the double muon trigger efficiency obtained with

36 pb−1 of CMS data compared to MC Truth.

p J/Ψ
T [GeV/c ] |ηJ/Ψ| < 2.4 ∆MC Tr uth−Dat a T &P

0.5-3.5 18.75 ± 6.22 10.15

3.5-7.0 44.03 ± 3.59 5.77

7.0-10.0 49.56 ± 2.92 14.96

10.0-15.0 65.91 ± 2.19 9.37

15.0-20.0 75.56 ± 2.41 4.05

20.0-30.0 74.59 ± 2.21 5.58

30.0-40.0 73.11 ± 3.32 6.25

40.0-50.0 68.43 ± 5.42 8.46

Table 4.9: Trigger efficiency εTr i g g er (pJ/Ψ(1S)
T ) in % in bins of pJ/Ψ(1S)

T of the J/Ψ(1S) reso-

nance, where the uncertainty is statistical and the second column shows the difference to the

J/Ψ(1S) MC Truth trigger efficiency.
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4.3.4 Υ(1S) Trigger Efficiency

The trigger efficiency for the Υ(1S) analysis is obtained as for the reconstruction efficiency

using the data driven J/Ψ(1S) trigger efficiency weighted by the MC Truth trigger efficiency

to take the different kinematics of the J/Ψ(1S) and Υ(1S) mesons into account. The used

map in pT dependence is shown in Fig. 4.21.
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Figure 4.21: MC Truth trigger efficiency map needed to obtain theΥ(1S) double muon trigger

efficiency.

The resulting double muon trigger efficiency for Υ(1S) compared to the trigger efficiency in

MC can be found in Fig. 4.22 and Table 4.10. Due to the used method to obtain theΥ(1S) trig-

ger efficiency the MC Truth trigger efficiency varies similarly to the J/Ψ(1S) trigger efficiency

in comparison to data. As a systematic uncertainty for the cross section measurements the

statistic uncertainty is taken.
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4.3 Efficiency

pΥ(1S)
T [GeV/c ] |ηΥ(1S)| < 2.4 ∆MC Tr uth−Dat a T &P

0.5-3.5 41.73 ± 13.84 22.60 ,

3.5-7.0 68.63 ± 5.60 8.99

7.0-10.0 63.91 ± 3.77 19.27

10.0-15.0 76.68 ± 2.54 10.91

15.0-20.0 85.89 ± 2.74 4.60

20.0-30.0 84.19 ± 2.50 6.30

30.0-40.0 81.81 ± 3.72 6.99

40.0-50.0 77.10 ± 6.11 9.53

Table 4.10: Trigger efficiency εTr i g g er (pΥ(1S)
T ) in % in bins of pΥ(1S)

T of the Υ(1S) resonance,

where the uncertainty is statistical and the second column shows the difference to the Υ(1S)

MC Truth trigger efficiency.
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Figure 4.22: double muon Υ(1S) trigger efficiency using the J/Ψ(1S) resonance with 36 pb−1

of CMS data compared to MC Truth.

55



Chapter 4: Analysis

56



CHAPTER 5

Results

The number of QQ̄ mesons (J/Ψ(1S) and Υ(nS) respectively) is obtained using weighted

dimuon invariant mass distributions. The invariant mass distribution is weighted event-

by-event with the factor 1/w , which depends on the kinematical properties of the QQ̄ reso-

nance and both daughter muons. The weighting factor takes the acceptance and detection

efficiency in the bin under consideration into account. The average weighting factor 1/w for

QQ̄ can be seen in Fig. 5.1.

w = εQQ̄ (pT ,η) ·A (pT , y) (5.1)

= (
ε
µ1
reco · εµ2

reco
) · εQQ̄

trigger · A (5.2)

5.1 Inclusive differential and total J/Ψ(1S) Cross Section

The number of J/Ψ(1S) mesons is obtained using the method explained in Section 4.1.1. The

values are summarized in Table 5.1, where the uncertainty is statistical and contains also the

uncertainty on the yield extraction method. For all pJ/Ψ(1S)
T and |y J/Ψ(1S)| bins the fits can be

found in Appendix F.
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Figure 5.1: Average weighting factor 1/w in dependence of the bins used in the J/Ψ(1S) and

Υ(1S) analysis, respectively.
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5.1 Inclusive differential and total J/Ψ(1S) Cross Section

p J/Ψ
T [GeV/c ] |y J/Ψ| < 1.2 1.2 < |y J/Ψ| < 1.6 1.6 < |y J/Ψ| < 2.4

3.0-4.0 - - 3617200 ± 6741

4.0-5.0 - - 2043700 ± 2662

5.0-6.0 - 553027 ± 1467 1237880 ± 2398

6.0-7.0 - 451812 ± 1025 701421 ± 1312

7.0-8.0 - 258234 ± 546 369234 ± 830

8.0-10.0 489813 ± 819 254798 ± 588 328773 ± 765

10.0-12.5 275250 ± 572 82586 ± 317 108267 ± 402

12.5-15.0 109325 ± 356 29653 ± 187 381412 ± 229

15.0-17.5 39379 ± 214 11148 ± 114 12745 ± 128

17.5-20.0 20188 ± 153 4989 ± 76 5370 ± 79

20.0-30.0 20717 ± 155 5087 ± 76 5002 ± 79

Table 5.1: Measured weighted yield with the statistical uncertainty.

The differential cross section in dependence of pJ/Ψ(1S)
T and y J/Ψ(1S) is calculated via eq. 2.2 in

Section 2.2.2. The number is normalized to the integrated luminosity
∫

L and the transverse

momentum ∆pJ/Ψ(1S)
T and rapidity bin size ∆y J/Ψ(1S).

The results are presented in Fig. 5.2 for all rapidity regions. The uncertainties in the plot are

the statistical and systematical ones added in quadrature, where the luminosity uncertainty

is not included. The systematics are obtained from the statistical uncertainty of the differ-

ent efficiencies. The cross section is calculated again using the efficiencies shifted up and

down by their statistical uncertainty. The systematic uncertainty related to the momentum

scale correction is calculated by taking the difference in the cross section between the yield

with and without the applied momentum scale correction. In the barrel region the daughter

muons of the J/Ψ(1S) meson need more energy to reach the muon chambers in comparison

to the forward region. Additional the weighting factor in the first pT -bins are really high due

to the low efficiencies in these pT -regions (see Section 4.3). Fits to the weighted dimuon

invariant mass distribution in this regions are complicated. Therefore in the barrel region

the differential cross section starts at 8 GeV/c , in the transition region at 5 GeV/c and in the

forward region at 3 GeV/c . The lower transverse momentum regions could be reached using

tracker muons separately.

The total cross section is derived by integrating over all transverse momentum and rapidity

bins:

σtot
(
pp → J/Ψ(1S)X

) ·BR
(
J/Ψ(1S) →µ+µ−)= ∫

y
d y

∫
pT

d pT
d 2σ

d yd pT
(5.3)

All cross section values in a certain bin are summed up and multiplied by their rapidity and

transverse momentum bin size.
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Figure 5.2: Inclusive differential cross section for the J/Ψ(1S) meson as a function of pJ/Ψ(1S)
T

for all rapidity regions.

The total inclusive production cross section in a rapidity range of |y | < 2.4 and a transverse

momentum of 8 GeV/c < pJ/Ψ(1S)
T < 30 GeV/c is:

σtot = (50.61±0.04st at ±3.09s y s ±2.02lumi ) nb

The first uncertainty is statistical, the second is systematic and the third one is related to

the uncertainty on the luminosity (compare Section 4). The dominant uncertainty is related

to the cross section measurement from the up and downward shifted trigger efficiency with

4.8 % in average. The systematic uncertainty from the momentum scale correction amounts

to 3.6 % and the systematic uncertainty from the reconstruction efficiency is 1 % in average.

A summary of the measured cross sections in the different pJ/Ψ(1S)
T and y J/Ψ(1S) ranges can

be found in Table 5.2, where the different systematics are written separately.

The published results by the CMS Collaboration for an integrated luminosity of 312 nb−1 in

the same rapidity and transverse momentum region for an unpolarized production scenario

was measured with [36]:

σtot = (46.31±0.81st at ±2.39s y s ±1.85lumi ) nb.
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5.1 Inclusive differential and total J/Ψ(1S) Cross Section

The result lies within an 1.2 σ range to the measured inclusive production cross section of

this analysis. The differential cross section are compared in Fig. 5.3. In the CMS measure-

ments obtained with an integrated luminosity of 312 nb−1 the cross sections were additional

measured for four extreme polarization scenarios: fully transversal and longitudinal polar-

ized with respect to the Collins-Soper and the Helicity reference frame (see Section 2.2.1).

The cross section values vary by 20 % in comparison to the unpolarized scenario. The same

was performed for an integrated luminosity of 3 pb−1 for the Υ(1S) cross sections with the

same conclusions[36, 37].
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Figure 5.3: Differential cross section for the J/Ψ(1S) meson as a function of pJ/Ψ(1S)
T for all

rapidity regions in comparison to the published CMS results (312 nb−1 )[36].

The measured inclusive production cross section is compared to theoretical predictions,

which were performed within next to leading order non-relativistic quantumchromody-

namics (NLO NRQCD) with color-octed contributions [38]. The theoretical calculations

were performed only for the inclusive J/Ψ(1S) direct production, whereby the measured

cross section contains also nonprompt contributions and indirect prompt production. The

resulting error is small against the theoretical uncertainties, nevertheless for pJ/Ψ(1S)
T < 5 GeV/c

the theoretical predictions fail to describe the data.
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of pT in comparison to NLO NRQCD predictions [38].
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5.1 Inclusive differential and total J/Ψ(1S) Cross Section

|y J/Ψ(1S)| < 1.2

pJ/Ψ(1S)
T [GeV/c ] Xsec ± σst at σreco eff σtrig eff σpt corr

8.0-10.0 2.805 ± 0.005 +0.004
−0.045

+0.154
−0.176 ± 0.113

10.0-12.5 1.261 ± 0.003 +0.006
−0.030

+0.024
−0.059 ± 0.032

12.5-15.0 0.501 ± 0.002 +0.000
−0.008

+0.012
−0.021 ± 0.014

15.0-17.5 0.180 ± 0.001 +0.000
−0.001

+0.006
−0.006 ± 0.007

17.5-20.0 0.092 ± 0.001 +0.001
−0.001

+0.003
−0.003 ± 0.003

20.0-30.0 0.024 ± 0.000 +0.000
−0.000

+0.001
−0.001 ± 0.001

1.2 < |y J/Ψ(1S)| < 1.6

pJ/Ψ(1S)
T [GeV/c ] Xsec ± σst at σreco eff σtrig eff σpt corr

5.0-6.0 19.002 ± 0.050 +0.372
−0.609

+1.535
−1.563 ± 0.847

6.0-7.0 15.524 ± 0.035 +0.632
−0.068

+1.743
−0.868 ± 1.221

7.0-8.0 9.082 ± 0.022 +0.186
−0.157

+0.569
−0.505 ± 0.359

8.0-10.0 4.377 ± 0.010 +0.053
−0.054

+0.271
−0.246 ± 0.172

10.0-12.5 1.135 ± 0.004 +0.010
−0.010

+0.039
−0.037 ± 0.045

12.5-15.0 0.408 ± 0.003 +0.003
−0.003

+0.014
−0.013 ± 0.016

15.0-17.5 0.153 ± 0.002 +0.001
−0.001

+0.005
−0.005 ± 0.005

17.5-20.0 0.069 ± 0.001 +0.001
−0.000

+0.002
−0.002 ± 0.003

20.0-30.0 0.0175 ± 0.000 +0.000
−0.000

+0.001
−0.001 ± 0.001

1.6 < |y J/Ψ(1S)| < 2.4

pJ/Ψ(1S)
T [GeV/c ] Xsec ± σst at σreco eff σtrig eff σpt corr

3.0-4.0 62.142 ± 0.116 +0.497
−3.377

+19.847
−12.962 ± 1.566

4.0-5.0 35.110 ± 0.046 +0.776
−0.913

+3.007
−2.743 ± 1.428

5.0-6.0 21.266 ± 0.041 +0.034
−0.836

+1.397
−2.021 ± 0.572

6.0-7.0 12.050 ± 0.023 +0.094
−0.280

+0.962
−1.001 ± 0.411

7.0-8.0 6.343 ± 0.014 +0.070
−0.109

+0.372
−0.375 ± 0.231

8.0-10.0 2.824 ± 0.007 +0.031
−0.031

+0.177
−0.157 ± 0.108

10.0-12.5 0.744 ± 0.003 +0.010
−0.009

+0.026
−0.024 ± 0.027

12.5-15.0 0.262 ± 0.002 +0.003
−0.003

+0.009
−0.008 ± 0.010

15.0-17.5 0.088 ± 0.001 +0.001
−0.003

+0.001
−0.005 ± 0.002

17.5-20.0 0.037 ± 0.001 +0.000
−0.000

+0.001
−0.001 ± 0.001

20.0-30.0 0.009 ± 0.000 +0.000
−0.000

+0.000
−0.001 ± 0.000

Table 5.2: Differential cross section for the J/Ψ(1S) meson for different pJ/Ψ(1S)
T and y J/Ψ(1S)

regions with the statistical and systematical uncertainties.
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5.2 Inclusive differential and total Υ(1S) Cross Section

The number of Υ(nS) events for the resulting production cross section are obtained using

the fit to the weighted dimuon invariant mass spectrum described in Section 4.1.2, where all

fits used to obtain theΥ(nS) cross sections can be found in Appendix G. The measured yields

for the threeΥ(nS) resonances are summarized in Table 5.3 with their statistical uncertainty.

pΥ(1S)
T [GeV/c ] Υ(1S) Υ(2S) Υ(3S)

3.0-4.0 26288 ± 336 8713 ± 257 4050 ± 307

4.0-5.0 25702 ± 627 5709 ± 260 3100 ± 234

5.0-6.0 25011 ± 498 6784 ± 221 3567 ± 195

6.0-7.0 19766 ± 268 5748 ± 191 3056 ± 187

7.0-8.0 21966 ± 1833 4229 ± 209 2822 ± 263

8.0-10.0 27381 ± 316 7223 ± 212 4264 ± 213

10.0-12.5 17560 ± 336 4605 ± 157 3137 ± 146

12.5-15.0 8940 ± 258 2523 ± 110 2022 ± 77

15.0-17.5 3747 ± 98 1421. ± 60 975 ± 49

17.5-20.0 2400 ± 211 821 ± 83 608 ± 77

20.0-30.0 1628 ± 59 786 ± 43 596 ± 42

Table 5.3: Measured weighted yield with the statistical uncertainty for theΥ(1S) ,Υ(2S) and

Υ(3S) resonance.

The differential cross sections for Υ(1S) , Υ(2S) and Υ(3S) are shown in Fig. 5.5 and 5.6. The

uncertainties are the statistical and systematical ones added in quadrature, where the lumi-

nosity errors are not included. The systematic uncertainties are obtained in the same way

as for the J/Ψ(1S) meson.

The total production cross section forΥ(1S) in a transverse momentum range of

3 GeV/c < pΥ(1S)
T < 30 GeV/c and in the rapidity region of |yΥ(1S)| < 2.0 is measured with:

σtot = (4.96±0.06st at ±0.47s y s ±0.20lumi ) nb

The first uncertainty is the statistical, the second the systematical and the third one the un-

certainty on the luminosity measurements. The systematic uncertainty is dominated by the

systematic uncertainty due to the trigger efficiency + 7 % and - 10 %. The systematic uncer-

tainty from the momentum scale correction is 3.7 % and the systematic uncertainty due to
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5.2 Inclusive differential and totalΥ(1S) Cross Section
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Figure 5.5: Differential cross section for the Υ(1S) meson as a function of pT for all rapidity

regions in comparison to the CMS results obtained with 3 pb−1 [37].

the reconstruction efficiency is in average less than 1 %. The obtained Υ(nS) cross section

with their statistical and systematical uncertainties are listed in Table 5.4.

The measured total cross section in a rapidity range of |yΥ(1S)| < 2.0 and a transverse mo-

mentum range of 3 GeV/c <pΥ(1S)
T <30 GeV/c is compared to published CMS results performed

with an integrated luminosity of 3 pb−1 for the unpolarized production scenario [37]:

σtot = (5.17±0.12st at ±0.15s y s ±0.21lumi ) nb

The results obtained in this analysis lie within an 1 σ range relative to the results obtained

for 3 pb−1. A comparison can also be seen in Fig. 5.5 and 5.6.
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Chapter 5: Results
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Figure 5.6: Differential cross section for the Υ(2S) and Υ(3S) meson as a function of pT for

all rapidity regions in comparison to the CMS results obtained with 3 pb−1 [37].
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5.2 Inclusive differential and totalΥ(1S) Cross Section

pΥ(nS)
T [GeV/c ] Υ(1S) Xsec ± σst at σreco eff σtrig eff σpt corr

3.0-4.0 0.1806 ± 0.0023 +0.0045
−0.0204

+0.0485
−0.0138 ± 0.0123

4.0-5.0 0.177 ± 0.0043 +0.0040
−0.0047

+0.0030
−0.0289 ± 0.0207

5.0-6.0 0.1719 ± 0.0034 +0.0184
−0.0235

+0.0085
−0.0290 ± 0.0267

6.0-7.0 0.1358 ± 0.0018 +0.0012
−0.0019

+0.0150
−0.0099 ± 0.0026

7.0-8.0 0.1509 ± 0.0126 +0.0072
−0.0222

+0.0164
−0.0270 ± 0.0158

8.0-10.0 0.0941 ± 0.0011 +0.0000
−0.0009

+0.0054
−0.0057 ± 0.0001

10.0-12.5 0.0483 ± 0.0009 +0.0067
−0.0025

+0.0015
−0.0017 ± 0.0000

12.5-15.0 0.0246 ± 0.0007 +0.0003
−0.0002

+0.0011
−0.0005 ± 0.0001

15.0-17.5 0.0103 ± 0.0003 +0.0006
−0.0001

+0.0004
−0.0002 ± 0.0006

17.5-20.0 0.0066 ± 0.0006 +0.0003
−0.0000

+0.0000
−0.0011 ± 0.0003

20.0-30.0 0.0011 ± 0.0000 +0.0000
−0.0000

+0.0000
−0.0000 ± 0.0000

pΥ(nS)
T [GeV/c ] Υ(2S) Xsec ± σst at σreco eff σtrig eff σpt corr

3.0-4.0 0.0599 ± 0.0016 +0.0050
−0.0027

+0.0229
−0.0101 ± 0.0023

4.0-5.0 0.0392 ± 0.0018 +0.0015
−0.0027

+0.0057
−0.0008 ± 0.0013

5.0-6.0 0.0466 ± 0.0015 +0.0037
−0.0012

+0.0043
−0.0000 ± 0.0011

6.0-7.0 0.0395 ± 0.0013 +0.0011
−0.0014

+0.0057
−0.0025 ± 0.0002

7.0-8.0 0.0291 ± 0.0014 +0.0000
−0.0026

+0.0017
−0.0014 ± 0.0012

8.0-10.0 0.0248 ± 0.0007 +0.0001
−0.0000

+0.0013
−0.0016 ± 0.0002

10.0-12.5 0.0127 ± 0.0004 +0.0005
−0.0005

+0.0004
−0.0004 ± 0.0001

12.5-15.0 0.0069 ± 0.0003 +0.0000
−0.0000

+0.0002
−0.0004 ± 0.0001

15.0-17.5 0.0039 ± 0.0002 +0.0001
−0.0000

+0.0000
−0.0002 ± 0.0002

17.5-20.0 0.0023 ± 0.0002 +0.0000
−0.0000

+0.0002
−0.0000 ± 0.0001

20.0-30.0 0.0005 ± 0.0000 +0.0000
−0.0000

+0.0000
−0.0000 ± 0.0000

pΥ(nS)
T [GeV/c ] Υ(3S) Xsec ± σst at σreco eff σtrig eff σpt corr

3.0-4.0 0.0278 ± 0.0021 +0.0038
−0.0010

+0.0134
−0.0134 ± 0.0035

4.0-5.0 0.0213 ± 0.0016 +0.0027
−0.0015

+0.0019
−0.0045 ± 0.0039

5.0-6.0 0.0245 ± 0.0013 +0.0030
−0.0048

+0.0060
−0.0047 ± 0.0048

6.0-7.0 0.0210 ± 0.0013 +0.0025
−0.0033

+0.0068
−0.0006 ± 0.0030

7.0-8.0 0.01939 ± 0.0018 +0.0000
−0.0008

+0.0011
−0.0004 ± 0.0030

8.0-10.0 0.0147 ± 0.0007 +0.0002
−0.0006

+0.0006
−0.0010 ± 0.0003

10.0-12.5 0.0086 ± 0.0004 +0.0005
−0.0004

+0.0003
−0.0003 ± 0.0001

12.5-15.0 0.0056 ± 0.0002 +0.0000
−0.0000

+0.0001
−0.0000 ± 0.0000

15.0-17.5 0.0027 ± 0.0001 +0.0000
−0.0003

+0.0002
−0.0000 ± 0.0020

17.5-20.0 0.0017 ± 0.0002 +0.0002
−0.0002

+0.0002
−0.0002 ± 0.0000

20.0-30.0 0.0004 ± 0.00 +0.0000
−0.0000

+0.0000
−0.0000 ± 0.0000

Table 5.4: Differential cross section for the Υ(nS) mesons for different pΥ(nS)
T regions and

yΥ(nS)<2.0 with the statistical and systematical uncertainties.
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Chapter 5: Results

The prompt production cross section results for the Υ(1S) resonance in comparison to the-

oretical predictions from NLO NRQCD calculation, where Υ(2S,3S) and X 1P,2P
b feed-down

contributions are all considered [39], are shown in Fig. 5.7. The uncertainties of the theo-

retical curves are due to the fits of the matrix elements and the uncertainties of scale de-

pendence in the calculation. The theoretical predictions are in good agreement with the

measuredΥ(1S) cross section results.
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Figure 5.7: Differential production cross section for the Υ(1S) meson as a function of pT in

comparison to NLO NRQCD predictions [39].

68



CHAPTER 6

Conclusions

In this diploma thesis the inclusive production cross section of J/Ψ(1S) and Υ(1S,2S,3S)

with 36 pb−1 , measured with the CMS detector at LHC, is presented. The cross section is

obtained by weighting the obtained number of J/Ψ(1S) andΥ(1S,2S,3S) events by the kine-

matical acceptance of the CMS detector and the efficiencies related to instrumental effects.

The acceptance is determined using an unpolarized MC sample and the efficiencies are all

obtained via the data driven tag and probe method.

The differential cross sections for inclusive J/Ψ(1S) and Υ(1S,2S,3S) production are pre-

sented in dependence of the transverse momentum of J/Ψ(1S) and Υ(1S,2S,3S), respec-

tively.

The total inclusive production cross section of J/Ψ(1S) for 8 GeV/c <pT <30 GeV/c and

|y | < 2.4 is measured with σtot = (50.61 ± 0.04st at ± 3.09s y s ± 2.02lumi ) nb. For Υ(1S) the

measured total production cross section for 3 GeV/c <pT <30 GeV/c and |y | < 2.0 is given by

(4.96 ± 0.06st at ± 0.47s y s ± 0.20lumi ) nb. The systematic uncertainty is dominated by the

uncertainty due to the trigger efficiency.

The results are compared to former CMS results obtained with less integrated luminosity

and agree within an 1.2σ range for the measured J/Ψ(1S) and an 1σ range for the measured

Υ(1S) total production cross section. Additionally the differential cross sections for J/Ψ(1S)

and Υ(1S) are compared to recent theoretical predictions from NLO NRQCD calculations.

The theoretical predictions describe the data for pT regions from 5 GeV/c on for the J/Ψ(1S)

results and from 8 GeV/c on for theΥ(1S) results.

69



Chapter 6: Conclusions

70



Appendix

A Momentum Scale Corrections

The momentum scale correction of the muons is dependent in PT , η , and ϕ and possess

a charge-dependence. The correction is obtained by the following functions, whereby the

used parameters can be found in table A.1 and A.2 [33].

chargeµ > 0 andϕ> 0 :

Pcorr
Tµ = (par[0]+par[9] ·EtaCorrection(ηµ)+par[1] · |ϕ| · sin(2 ·ϕ+par[2])) ·PTµ (A.1)

chargeµ > 0 andϕ< 0 :

Pcorr
Tµ = (par[0]+par[9] ·EtaCorrection(ηµ)+par[3] · |ϕ| · sin(2 ·ϕ+par[4])) ·PTµ (A.2)

chargeµ < 0 andϕ> 0 :

Pcorr
Tµ = (par[0]+par[9] ·EtaCorrection(ηµ)−par[5] · |ϕ| · sin(2 ·ϕ+par[6])) ·PTµ (A.3)

chargeµ < 0 andϕ< 0 :

Pcorr
Tµ = (par[0]+par[9] ·EtaCorrection(ηµ)−par[7] · |ϕ| · sin(2 ·ϕ+par[8])) ·PTµ (A.4)
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Appendix : Appendix

par[0] 1.00094

par[1] -0.000223852

par[2] 0.919236

par[3] -0.000565047

par[4] -0.296159

par[5] -0.000220599

par[6] 2.27315

par[7] -0.000759843

par[8] -0.0191391

par[9] 0.490358

Table A.1: Correction parameters used in the Momentum scale correction formula [33].

|ηµ| EtaCorrection(ηµ)

|ηµ| < 0.2 -0.00063509

|ηµ| < 0.4 -0.000585369

|ηµ| < 0.6 -0.00077363

|ηµ| < 0.8 -0.000547868

|ηµ| < 1.0 -0.000954819

|ηµ| < 1.2 -0.000162139

|ηµ| < 1.4 0.0026909

|ηµ| < 1.6 0.000684376

|ηµ| < 1.8 -0.00174534

|ηµ| < 2.0 -0.00177076

|ηµ| < 2.2 0.00117463

|ηµ| < 2.4 0.000985705

|ηµ| < 2.6 0.00163941

Table A.2: Eta Correction parameters used in the Momentum scale correction formula [33].
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Momentum Scale Corrections
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Figure A.1: Momentum scale corrections using the J/Ψ(1S) resonance in dependence of η, PT

and ϕ of the muons. ϕ is plotted seperatly for the negative and the positive muons. The red

line refers to the world average value [9] of the J/Ψ(1S) mass. The blue dots are the uncor-

rected and the red ones are the corrected data values.
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B Acceptance

pT bin [GeV/c ] A (pT )

0.0-0.5 0.017

0.5-1.0 0.030

1.0-1.5 0.045

1.5-2.0 0.048

2.0-2.5 0.050

2.5-3.0 0.053

3.0-3.5 0.060

3.5-4.0 0.069

4.0-4.5 0.086

4.5-5.0 0.107

5.0-5.5 0.131

5.5-6.0 0.156

6.0-7.0 0.195

7.0-8.0 0.265

8.0-9.0 0.337

9.0-10.0 0.386

10.0-11.0 0.429

11.0-12.0 0.473

12.0-13.0 0.510

13.0-14.0 0.525

14.0-15.0 0.567

15.0-17.0 0.593

17.0-20.0 0.640

20.0-25.0 0.698

25.0-30.0 0.753

Table B.3: Unpolarized acceptance in pT bins for J/Ψ(1S) , integrated over |y |, where J/Ψ(1S)

results are given for |y | < 2.4.
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Acceptance

pT bin [GeV/c ] A (pT )

0 - 1 0.490

1 - 2 0.457

2 - 3 0.394

3 - 4 0.325

4 - 5 0.302

5 - 6 0.298

6 - 7 0.302

7 - 8 0.315

8 - 9 0.336

9 - 10 0.358

10 - 11 0.382

11 - 12 0.403

12 - 13 0.424

13 - 14 0.445

14 - 15 0.460

15 - 16 0.483

16 - 17 0.500

17 - 18 0.515

18 - 19 0.528

19 - 20 0.541

20 - 21 0.554

21 - 22 0.569

22 - 23 0.578

23 - 24 0.589

24 - 25 0.596

25 - 26 0.606

26 - 27 0.615

27 - 28 0.618

28 - 29 0.625

29 - 30 0.626

Table B.4: Unpolarized acceptance in pT bins for Υ(1S) , integrated over |y |, where Υ(1S)

results are given for |y | < 2.4.
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C Reconstruction Efficiency
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Figure C.2: Number of J/Ψ(1S) events in the different categories used to obtain the tracking

efficiency via tag and probe in data.

pµ

T [GeV/c ] |ηµ| < 1.3 1.3<|ηµ| < 1.6 1.6 < |ηµ| < 2.4

0.5-2.0 - 100 ± 0.0 100 ± 0.0

2.0-3.5 99.41 ± 0.17 99.76 ± 0.05 99.94 ± 0.02

3.5-7.0 99.94 ± 0.01 99.84 ± 0.03 99.97 ± 0.01

7.0-30.0 99.93 ± 0.02 99.87 ± 0.05 99.92 ± 0.3

Table C.5: Tracking efficiency in % using the J/Ψ(1S) resonance determined by the tag and

probe method with 36 pb−1 of CMS data.

76



Reconstruction Efficiency

]2 [GeV/c+µ-µM
2.6 2.8 3 3.2 3.4 3.6

N
o
.
 
E
n
t
r
i
e
s

0

0.2

0.4

0.6

0.8

1

:0.5-2.0 GeV/c
T

:0.0-1.3  pηGolden 

]2 [GeV/c+µ-µM
2.6 2.8 3 3.2 3.4 3.6

N
o
.
 
E
n
t
r
i
e
s

0

50

100

150

200

250

300

 / ndf 2χ  30.91 / 33

offset    4.64± 25.39 

slope     1.776± -6.584 

N         5.94± 52.72 

:2.0-3.5 GeV/c
T

:0.0-1.3  pηGolden 

]2 [GeV/c+µ-µM
2.6 2.8 3 3.2 3.4 3.6

N
o
.
 
E
n
t
r
i
e
s

0

1000

2000

3000

4000

5000

 / ndf 2χ  132.8 / 68

offset    12.1± 475.2 

slope     1.0± -120.9 

N         17.3± 897.4 

:3.5-7.0 GeV/c
T

:0.0-1.3  pηGolden 

]2 [GeV/c+µ-µM
2.6 2.8 3 3.2 3.4 3.6

N
o
.
 
E
n
t
r
i
e
s

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

 / ndf 2χ    126 / 68

offset    14.7± 266.4 

slope     4.52± -69.57 

N         12.7±   497 

:7.0-30.0 GeV/c
T

:0.0-1.3  pηGolden 

Figure C.3: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.4: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.5: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.6: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.7: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.8: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.9: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.10: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.11: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.12: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.13: Fits used to obtain the tracking efficiency via tag and probe in data.
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Figure C.14: Number of J/Ψ(1S) events in the different categories used to obtain the stan-

dalone and matching efficiency via tag and probe in data.
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T [GeV/c ] |ηµ| < 1.3 1.3<|ηµ| < 1.6 1.6 < |ηµ| < 2.4

0.5-2.0 - 0.34 ± 0.08 13.32 ± 0.26

2.0-3.5 26.82 ± 0.83 50.05 ± 0.61 75.73 ± 0.44

3.5-7.0 80.29 ± 0.22 96.12 ± 0.24 94.21 ± 0.24

7.0-30.0 97.27 ± 0.14 96.57 ± 0.35 94.98 ± 0.36

Table C.6: Standalone efficiency in % using the J/Ψ(1S) resonance determined by the tag and

probe method with 36 pb−1 of CMS data.
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pµ

T [GeV/c ] |ηµ| < 1.3 1.3<|ηµ| < 1.6 1.6 < |ηµ| < 2.4

0.5-2.0 - 100 100

2.0-3.5 100 99.18 ± 0.15 99.84 ± 0.05

3.5-7.0 99.57 ± 0.04 100.0 ± 0.0 99.95 ± 0.02

7.0-30.0 99.98 ± 0.01 100.0 ± 0.0 99.92 ± 0.3

Table C.7: Matching efficiency in % using the J/Ψ(1S) resonance determined by the tag and

probe method with 36 pb−1 of CMS data.
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Figure C.15: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.16: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.17: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.18: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.19: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.20: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.21: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.22: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.23: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.24: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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Figure C.25: Fits used to obtain the standalone and matching efficiency via tag and probe in

data.
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D Track Quality Cut Efficiency

The track quality cut efficiency gives the amount of J/Ψ(1S) events, which survive the track

quality cuts (see Table 4.2 in Section 4.1.1), divided by the total number of reconstructed

J/Ψ(1S) events. This track quality cut efficiency is obtained in the reconstruction efficiency.

As a cross check it is also determined here using the tag and probe method. The tag muon

and the probe muon are required to be global and tracker muon objects, where the tag muon

fulfills all track quality cuts. The probe has an opposite charge sign compared to the tag

muon and the dimuon invariant mass is in a mass window of 1 GeV/c2 in comparison to

the world average value [9]. Additional all kinematical acceptance cuts are required for the

probe muon. The selected probe for the cut efficiency has to fullfill all track quality cuts.

The result of the cut efficiency is shown in Fig. D.26 in dependence of the pT of the probe

muon. The efficiencies exceed 94 % in all pseudorapidity regions and all transverse momen-

tum bins and is in average around 97 %. A summary of the cut efficiency can also be found

in Table D.8. The MC Truth is also shown in Fig. D.26 and deviate in average only by 1 % in

comparison to data. The difference between data and MC Truth is taken as a systematic in

the cut efficiency in Table D.8.

pµ

T [GeV/c ] |ηµ| < 1.3 1.3 < |ηµ| < 1.6 1.6 < |ηµ| < 2.4

0.5-3.5 94.00 ± 0.24 ± 1.09 96.88 ± 0.06 ± 0.32 95.62 ± 0.033 ± 1.02

3.5-7.0 96.48 ± 0.04 ± 0.74 97.04 ± 0.058 ± 1.00 95.95 ± 0.05 ± 0.24

7.0-10.0 97.93 ± 0.07 ± 0.69 97.19 ± 0.15 ± 0.84 96.34 ± 0.13 ± 0.36

10.0-15.0 97.98 ± 0.12 ± 0.62 97.36 ± 0.26 ± 0.81 96.46 ± 0.24 ± 0.57

15.0-20.0 97.46 ± 0.28 ± 0.96 96.51 ± 0.70 ± 1.51 96.95 ± 0.51 ± 0.75

20.0-30.0 96.96 ± 0.46 ± 1.75 97.68 ± 0.95 ± 0.13 96.01 ± 0.98 ± 0.71

0.5-30.0 96.80 ± 0.25 ± 1.05 97.11 ± 0.50 ± 0.89 96.22 ± 0.47 ± 0.65

Table D.8: Track quality cut efficiency εCU T (pT ,η) in % obtained by the tag and probe

method for the J/Ψ(1S) resonance in bins of η and pT of the probe muon, where the first

uncertainty is statistical and the second systematical.
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Figure D.26: Track quality Cut efficiency using the J/Ψ(1S) resonance determined by the tag

and probe method with 36 pb−1 of CMS compared to MC.90
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E Trigger Efficiency
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Figure E.27: Fits used to obtain the J/Ψ(1S) trigger efficiency via data for the first four pT

bins, where the red points and line refer to the probes and the black ones to the selected probe.
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Figure E.28: Fits used to obtain the J/Ψ(1S) trigger efficiency via data for the last four pT bins,

where the red points and line refer to the probes and the black ones to the selected probe.
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Figure F.29: Fits used to obtain the J/Ψ(1S) inclusive production cross section for |yJ/Ψ(1S)| <
1.3. In the following pJ/Ψ(1S)

T bin size order: 8-10-12.5-15
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Figure F.30: Fits used to obtain the J/Ψ(1S) inclusive production cross section for |yJ/Ψ(1S)| <
1.3. In the following pJ/Ψ(1S)

T bin size order: 17.5-20-30.
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Figure F.31: Fits used to obtain the J/Ψ(1S) inclusive production cross section for 1.3 <
|yJ/Ψ(1S)| < 1.6. In the following pJ/Ψ(1S)

T bin size order: 5-6-7-8
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Figure F.32: Fits used to obtain the J/Ψ(1S) inclusive production cross section for 1.3 <
|yJ/Ψ(1S)| < 1.6. In the following pJ/Ψ(1S)

T bin size order: 8-10-12.5-15
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Figure F.33: Fits used to obtain the J/Ψ(1S) inclusive production cross section for 1.3 <
|yJ/Ψ(1S)| < 1.6. In the following pJ/Ψ(1S)

T bin size order: 15-17.5-20-30
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Figure F.34: Fits used to obtain the J/Ψ(1S) inclusive production cross section for 1.6 <
|yJ/Ψ(1S)| < 2.4. In the following pJ/Ψ(1S)

T bin size order: 3-4-5-6
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Figure F.35: Fits used to obtain the J/Ψ(1S) inclusive production cross section for 1.6 <
|yJ/Ψ(1S)| < 2.4. In the following pJ/Ψ(1S)

T bin size order: 6-7-8-10
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Figure F.36: Fits used to obtain the J/Ψ(1S) inclusive production cross section for 1.6 <
|yJ/Ψ(1S)| < 2.4. In the following pJ/Ψ(1S)

T bin size order: 10-12.5-15-17.5
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Figure F.37: Fits used to obtain the J/Ψ(1S) inclusive production cross section for 1.6 <
|yJ/Ψ(1S)| < 2.4. In the following pJ/Ψ(1S)

T bin size order: 17.5-20-30
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G Υ(1S) Cross Section
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Figure G.38: Fits used to obtain the Υ(1S) production cross section for |yΥ(1S)| < 2.0. In the

following pΥ(1S)
T bin size order: 3-4-5-6
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Figure G.39: Fits used to obtain the Υ(1S) production cross section for |yΥ(1S)| < 2.0. In the

following pΥ(1S)
T bin size order: 6-7-8-10
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Figure G.40: Fits used to obtain the Υ(1S) production cross section for |yΥ(1S)| < 2.0. In the

following pΥ(1S)
T bin size order: 10-12.5-15-17.5
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Figure G.41: Fits used to obtain the Υ(1S) production cross section for |yΥ(1S)| < 2.0. In the

following pΥ(1S)
T bin size order: 17.5-20-30
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