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Abstract

One of the questions puzzled physicists is the contradiction between the Color

Octet Mechanism (COM) theory and the experimental results on the cross section

and the polarization of heavy flavor quarkonium in hadron collider. Before LHC,

there are several measurements provided by other experiments, e.g. CDF and D0

on Tevatron. After LHC’s switching on, re-measurement in CMS may help to

understand this puzzle, since it can collect larger event samples of heavy flavor

quarkonium at higher transverse momentum and with wider coverage of pseudo-

rapidity than other detectors before, even in the early stage of LHC’s run. As well

as the J/ψ has a much larger production cross section than most of the reaction

channels, this measurement is one of the earliest physics results in CMS.

In this thesis, the measurements on one of the heavy quarkonium, i.e. J/ψ ,

in dimuon decay channel are described. Totally, 314nb−1 data collected by CMS

until September 2010 will be used in this analysis. After skimming, selection and



trigger, known peaks of mother particles are good enough to fit in the dimuon

invariant mass spectrum. Reconstruction efficiencies of single muon and J/ψ will

be calculated in both Monte-Carlo and data-driven methodology (the so-called “Tag

and Probe” method). Comparing to Υ meson, there are two components in J/ψ

collected in CMS, the prompt J/ψ produced “directly” and nonprompt one decayed

from B-hadrons, which could be separated by fitting the J/ψ’s life time.

The cross section is measured as a function of transverse momentum (pT ) and

rapidity (y) and be compared with the the Monte Carlo generator output (theoret-

ical prediction). Finally, based on the 314nb−1 data in CMS, the J/ψ cross section

in the region of 4.5 < p
J/ψ
T < 30 GeV/c and |yJ/ψ| < 2.4 is measured to be,

251.4± 3.6(stat)± 29.9(syst)± 27.6(lumi) nb

in which the systematic uncertainties are estimated to be 12% approximately.

Keywords: CMS, heavy flavor quarkonia, J/ψ, hadronic-production cross section,

NRQCD
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Chapter 1

Introduction

J/ψ meson, the first heavy quarkonia discovered in the world[1][2][3], has been

studied extensively since a few decays ago. The similar studies are also held to other

heavy flavor quarkonium, e.g. ψ(2S)[4][5], Υ[6], etc.

Theoretical physicists developed Quantum Chromo-Dynamics (QCD)[7][8][9]

and built the Color-Singlet model (CSM)[10][11] to describe the production mech-

anism of heavy quarkonium in hadron collider. Unfortunately, both of the Col-

lider Detector at Fermilab (CDF, one detector on Tevatron accelerator at FNAL)

and D0 (another detector on Tevatron) experiments gave a quite different result

on measurement of the J/ψ production cross section that cannot match the CSM

prediction[12][13]. Thereafter, another theoretical model, namely Color-Octet Mech-

anism (COM), was proposed[10][14]. Based on the cross section result from CDF,

eight matrix elements were fitted and the COM result matches the heavy flavor

quarkonium cross section in hadron collision. However, the prediction of COM does

not agree with the measurement on the polarization of J/ψ or Υ in either of CDF

or D0[15]. The tentative explanation by physicists is that the systematic and the

statistic errors are so large that the real polarization could be merged into these

uncertainties, also the QCD theory is not so “relativistic” in CDF’s measurement

transverse momentum (pT < 20 GeV/c) region since the statistic is poor beyond this



extent. Later, the kT factorization correction[10], that considering the kinematical

activity of partons in proton, gives the similar tendency to the experimental po-

larization results. Recently, another explanation is proposed that the polarization

could be measured in not only the helicity (HX) frame but also in the Collins-Soper

(CS) frame. In the CS frame, various experimental results, including CDF and

other experiments, are somehow reasonable and matched well with each other [16].

Facing the poor statistic and the low pT in CDF, Compact Muon Solenoid

(CMS) could provide sufficient heavy quarkonium events and the polarization could

be analyzed in the pT range as high as 100 GeV/c, thanks to the high luminosity

at Large Hadron Collider (LHC) and the wide rapidity range in CMS.

CMS has a powerful muon detection system, which may produce narrow res-

onances in dimuon invariant mass spectrum. This is the reason why we choose

dimuon channel in J/ψ decay. Although there could be over 1000 tracks detected

by CMS tracker system, muon chambers are able to isolate muons with good quality.

In this thesis, the LHC and CMS will be introduced in Chapter 2.

In Chapter 3, some theoretical models on particle physics, i.e. QCD and heavy

flavor quarkonia production will be discussed. Generally, Standard Model (SM)

is the basic theory in particle physics, in which the strong and the electroweak

interactions are combined. The QCD describes the strong interactions of colored

quarks and gluons based on the SU(3) symmetry group. Different models, e.g.

CEM, CSM and COM are used to explain the production mechanism of heavy

flavor quarkonia production in hadron collision.

Chapter 4 explains the basic muon reconstruction in CMS detector by fitting

the track collected in tracking sub-detector and muon chambers. J/ψ events are

reconstructed by combining two muons together and passing a vertex filter. Muons

are selected carefully to avoid low efficiency at certain region, where the statistical

uncertainty is large. Trigger menu is updated from time to time. For this study,

the HLT DoubleMu0 is loaded and the background is suppressed strongly.

In Chapter 5, geometrical acceptance and efficiency are calculated from Monte

– 2 –



CHAPTER 1 INTRODUCTION

Carlo simulation and experimental data. These two values may bias due to the

unknown kinematical distribution at generator level and both of them are reweighted

to the data spectrum. This variation is considered to be a systematic uncertainty.

The J/ψ yields in each bin is counted by fitting the invariant mass peak in

Chapter 6. Also the lifetime of the mother particle is measured to separate the

prompt and nonprompt components.

Cross sections are calculated in Chapter 7, for the inclusive J/ψ, prompt J/ψ

and non-prompt J/ψ.

Chapter 8 gives a brief conclusion and forecast on further study about the cross

section and polarization of heavy quarkonia.

– 3 –



– 4 –



Chapter 2

LHC and CMS

Large Hadron Collider (LHC), located at the European Organization for Nu-

clear Research (CERN) near the city of Geneva bestrides the border of France and

Switzerland about 100m underground, has started to operate since November 2009,

which brought a new world of physics under its high energy. At LHC, there are

six experiments, i.e. ALICE, ATLAS, CMS, LHCb, TOTEM and LHCf. The CMS

(Compact Muon Solenoid) and ATLAS are two general-purpose detectors, built for

a wide range of physics research, including Higgs boson, superasymmetry (SUSY),

extra dimensions, b-physics, etc. Although it is similar from structure to physics

goals of these two detectors, they have their own special characters. For instance,

the Electromagnetic Calorimeter (ECAL) system in CMS has finer energy resolu-

tion while the advantage of ATLAS tracking system leads to a better performance

in muon reconstruction. The detailed information of LHC and CMS are in sections

below.

2.1 CERN

CERN, established in 1954, is the largest particle physics laboratory in world.

In history, CERN is the acronym of, in French, for Conceil Europeén pour la

Recherche Nucléaire (European Council for Nuclear Research). Later, this name



2.2 LHC

changed to be a new one, but CERN remained to be the abbreviation of the new

name by following the suggestion of Heisenberg. At the beginning of CERN’s estab-

lishment, scientists were working on atomic nucleus, while soon after that people

went to the study of interaction between particles, which is beyond the nuclear

physics. In decades, some important physical discoveries, e.g. the neutral currents,

W and Z bosons, CP-violation, were reported from CERN, including Nobel Prizes.

Up to now, CERN is a leading laboratory in particle physics and LHC is providing

us a most power tool on new physics.

CERN is also the place where World Wide Web (WWW) was born. Tim

Berners-Lee invented the WWW in 1990 [17].

2.2 LHC

LHC, the newly built accelerator at CERN, was approved by CERN Council

in December 1994 to study the known and unkown particles and to test the validity

of theory. It was switched on at 10 : 28, 10 September 2008, and the first beam

was injected in, with the scrap signal and beam halo catched by CMS and ATLAS.

Unfortunately, on 19 September 2008 during this commissioning run, not long from

its switching on, LHC suffered one equipment mishap and had to be shut down for

14 months to fix all the damaged components. On 20 November 2009, the beams

were successfully re-circulated and soon the energy rose from 450 GeV to 3.5 TeV,

a half of its design energy. The geographical schema of LHC and experimental

detectors are shown in Fig. 2.1.

2.2.1 Beam at LHC

The LHC beam is formed by proton bunches, it could be heavy ions in some

periods. In LHC technical design report[19], lead ion is the heaviest stable to be

used. A batch of about 1011 protons are compacted into a bunch. Bunches are

pushed intermittently (25 ns between two bunches approximately) into the acceler-

ator located in the tunnel of the former LEP (Large Electron Positron collider).

– 6 –



CHAPTER 2 LHC AND CMS

Figure 2.1: LHC and experimental detectors[18].

In contrast to electrons, protons and lead ions, heavy particles with specific charge

less than 1 (γ = q/m < 1), are not so difficult to accelerate, since their synchrotron

radiation proportional to γ4 is much weaker than electrons when running around the

storage ring. Rather than antiproton, protons could accumulate higher intensity.

Beams are injected into pre-accelerators and then led to two 27 km-long LHC

storage rings parallel but in opposite direction separately. Firstly, the source pro-

duces protons from duoplasmatron and then the protons are accelerated to the

energy of 50 MeV in a linear accelerator (LINAC). Secondly, protons are injected

into Proton Synchrotron Booster (PSB) and the energy is boosted to 1.4 GeV.

Thirdly, Proton Synchrotron (PS) accelerates the protons to 25 GeV. Later, in the

Super Proton Synchrotron (SPS) the proton’s energy approaches 450 GeV. Finally,

proton goes into LHC ring. After acceleration, the energy reaches the designed level

and beams will be guided to some certain points of LHC and will collide with each

other in detectors[18], shown in Fig. 2.2.
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LHC consists of over 8, 000 superconductive magnets. Inside the magnets, there

are two beam pipes. All magnets are linked to each other to form the 27-kilometer-

ring. Along the ring, there are 2 accelerating points to boost beam protons to 7

TeV. Such high energy indicates that these particles run inside beam pipes at speed

close to light. 7 TeV is the highest energy produced by human beings in history.

In design, the beam energy is 7 TeV but the energy is increasing step by step at

the beginning of the LHC’s run. In the first three years (2010-2012), the energy

will be kept at 3.5 TeV. To maintain the particle’s states and detector working

condition, the whole LHC and detectors are running under extreme environment,

e.g. inside beam pipe is ultrahigh vacuum, all the materials are working under

strong radiations, superconducting magnets need the operational temperature as

low as −271 ◦C cooled by liquid helium, etc.

There are totally 1232 15m-long dipole-magnets for bending the beam and

392 quadrupole magnets with 5-7m length for focussing the beam. Along the 27-

kilometer machine, Two beams collide at only 4 interaction points, where 4 large

detectors are built, i.e. ALICE, ATLAS, CMS and LHCb, in which ATLAS and CMS

are multi-purpose detectors. They have the similar structures, e.g. 4π solid angle

covered around the interaction point with precise tracking and calorimeter systems,

and have overlapped physics topic ranges. Profiting from higher level of combined

confidence and more importantly cross check on the finding at one another, there

could be different solutions to one issue. In addition, other detectors focus on, heavy

ions physics in ALICE and b-physics in LHCb.

2.2.2 Luminosity at LHC

Besides the energy of LHC, its luminosity breaks another world record of ac-

celerator technology, that it will reach as high as L = 1034cm−2s−1 for proton and

L = 1027cm−2s−1 for lead ions.

In high energy physics experiment, the integrated luminosity (
∫
Ldt) is also a

frequently used quantity. To CMS, it indicts the number of reactions in detector

– 9 –
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which could be measured in a given time. Practically, there is one luminosity group

specially working this.

The task of luminosity group is to provide real-time monitoring of the LHC on-

line luminosity and to determine overall offline normalization for physics analysis[20].

In CMS, the forward hadronic calorimeter (HF) helps to measure the current base-

line online luminosity. The HF covers the range of pseudorapidity (η) from 3 to

5 (3 < |η| < 5) at the endcap of CMS[22]. Besides, Pixel Luminosity Telescope

(PLT), by using a set of purpose-built particle tracking telescopes on single-crystal

diamond pixel detectors that will be installed at later stage of CMS, will count the

number of particles interacting with some detector planes, according to which the

relative bunch-by-bunch luminosity can be measured. In addition, a TOTEM de-

tector will be installed experiment at the far forward regions of CMS during its shut

down period and this detector will measure the whole p-p collision cross section.

This is another way for LHC luminosity determination.

Also, luminosity group provides the instantaneous and integrated luminosity

for offline analysis. Fig. 2.3 shows the recent results on luminosity monitoring.

Figure 2.3: Total integrated luminosity delivered and recorded by CMS during the

stable beams at 7 TeV center-of-mass energy (left) and that per day (right) till

September 2010, which is the data quantity in this analysis. [21].

– 10 –
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2.2.3 Potential new physics at LHC

Currently, high energy issues are studied with either accelerators or cosmic

rays, including verifying the Standard Model (SM), looking for new physics beyond

the SM, searching for Higgs boson, studying supersymmetry (SUSY), hunting dark

matter, etc. With respect to Tevatron, which is an accelerator similar as LHC

but with 7 times lower energy and by proton-antiproton collision, proton-proton

mechanism leads to lower reaction cross section in the same energy scale. The high

center-of-mass energy and luminosity at LHC will be a compensation for it. In

addition, gluon fusion plays the dominant role in Higgs production, by which the

cross section at LHC is close to proton-antiproton in the same energy. Thus, shown

in Fig. 2.4, LHC has got a larger cross section in some reaction process (e.g. Higgs

boson production), but a similar total cross section , which means higher signal in

some certain processes at LHC and the similar background level between the two.

Higgs boson hunting

As explained above and in Section 2.2.1, LHC has the advantage on Higgs boson

search over the previous accelerators. In theory, Higgs boson could be produced via

gluon fusion, vector boson fusion and associative production process at LHC, in

which the gluon fusion is the dominating mechanism. Here in the Fig. 2.5, the

production cross section and main decay models are shown.

At the LEP, Higgs boson is excluded in the mass range lower than 114 GeV/c2

at 95% confidence level and Tevatron also excluded Higgs between 158 GeV/c2 and

175 GeV/c2 at the 95% confidence level with combined results from CDF and D0.

In the framework of SM, its mass is limited below 1 TeV/c2. At LHC, these ranges

available are categorized into three regions, i.e. low mass region, intermediate mass

one (130GeV/c2 ≤MH ≤ 2MZ) and that of high mass. At low mass region, H → γγ

is the main decay channel. Two high energy photons will give a clear mass peak

while the background photons are coming from qq̄ → γγ and Z → e+e− or fake

– 11 –
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Figure 2.5: Higgs production cross sections under each mechanics (left) and relative

event rates of main possible decay channels (right) as a function of higgs mass at

LHC (
√
s = 14 TeV)[25].

photons from jets. In theoretical calculation, there is a 1% signal to background

ratio and one much smaller decay width in this channel than that of H → bb̄.

For the intermediate mass region, the good channels are H → WW (∗) → 2ℓ2ν

and H → ZZ∗ → 4ℓ with one on-shell vector boson. The “golden” channel is

the vector boson decay that H → ZZ → 4ℓ and H → WW → 4ℓ in high mass

region. Because of large branch ratios, other channels, e.g. H → WW → ℓνℓjj

and H → ZZ → ℓℓ̄νℓ′ ν̄ℓ′ , could also be potential ones for the discovery of Higgs

boson[26].

Supersymmetry (SUSY)

SUSY is an extension of the SM on theory. In SUSY, one elementary particle

with one spin has its superpartner with spin differing by half of a unit. The su-

perpartners of SM particles have not been discovered yet, which means SUSY must

be a broke symmetry, i.e. the superpartners must have different masses to their SM

sister particles. Higgs also extends to five Higgs in the Minimal Supersymmetric

Standard Model (MSSM). If the superpartners with large mass at TeV scale exists

and decays to the corresponding SM particles, R-parity violates. The neutrino like
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SUSY particles cannot produce signals in detectors. Thus the SUSY group will

measure the large missing transverse momentum and energy firstly.

Standard Model physics

Standard Model physics has a wide range of topics[23][24], listed below. Higgs

boson study is also one part of the SM, but it is so important and worth to set it

as a separate part.

• Standard processes:
- σtotal and σel minimum bias event;
- Jets and direct photons;
- W/Z production cross section, WZ and Wγ pair production;
- Drell-Yan production of lepton pairs;

• b-physics:
- Production cross section of particles decayed from b-quark;
- Polarization measurement;
- CP violation;

• Top physics:
- Top-quark search;
- Mass determination and branch ratios measurement;

• Neutrino physics:
- Direct observation of the στ ;
- σe and σµ studies;

There are still a lot of questions in SM that puzzling scientists, e.g. the heavy

quarkonia production cross section and its polarization have not been understood

well yet. This thesis will focus on this topic.

2.2.4 Summary

LHC is a powerful big machine accelerating protons (or heavy ions in some

periods) to close-to-light-speed, corresponding to very high energy and large cross

section in physics process. Its instantaneous luminosity is also at the top of all

existing accelerators and huge mount of events will be collected in detectors after

collisions. The design parameters of LHC is shown in Table. 2.1. More details are

referenced in the LHC Design Report[19].
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Table 2.1: The Large Hadron Collider design parameters.

Circumference C 26659 m

Energy E 7 TeV

Dipole field B 8.4 T

Bunch spacing s 25 ns

Bunch population N 1.15× 1011

Bunch radius σx = σy 16 µm

Bunch length σs 75 mm

Number of bunches nb 2808

Collision rate rC 40.08 MHz

DC beam current Ib 0.58 A

Beam-beam parameter ξ 0.0034

Luminosity L 1034 cm−2s−1

Distance to nearest quadrupole ℓQ ±23 m

Operating temperature T 1.9 K

2.3 CMS detector

Two beams with opposite directions will collide in the geometrical center of

detectors. In CMS, secondary particles after beam collision and their decay produc-

tions hit sub-detector; information from the component sensor is used to reconstruct

daughter and mother particles. From the inside outwards in an order of the shell

like structure, there are beam pipe, pixel and silicon strip tracker, preshower, elec-

tromagnetic calorimeter (ECAL), hadron calorimeter (HCAL), solenoid magnet and

muon chambers, shown in Fig. 2.6. Also within the CMS, a bunch of protons collide

in every 25 ns, so a trigger system serves for acquiring only potentially interesting

events.

Here are some numbers about CMS, with the weight up to 12500 tons, overall
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Compact Muon Solenoid

Pixel Detector

Silicon Tracker

Very-forward

Calorimeter

Electromagnetic

Calorimeter

Hadronic

Calorimeter

Preshower

Muon

Detectors

Superconducting Solenoid

Figure 2.6: The structure of Compact Muon Solenoid (CMS).

diameter of 15m, overall length of 21.5m and magnetic field as high as 3.8 Tesla.

In general, all charged particles could produce signals in the inner tracking

system, electrons and photons produce signal light in ECAL. Hadrons with long life

time (mesons like π±K±ρ± and baryons like proton and neutron) will deposit parts

of energies in HCAL. Because of the large magnetic field and stopping power of

previous sub-detectors with absorbing materials, few particles but muon could sail

through so many planes ahead to the muon chambers. The detailed information

about some CMS subsystems used in this thesis will be listed in the sections below.

2.3.1 CMS coordinate

Usually, a cylindrical coordinate is used to describe the positions and directions

in CMS. But sometimes Cartesian coordinate system clarifies some longitudinal

dimensional information. Fig. 2.7 shows these two coordinates. The common z-

axis in both systems is at the center of CMS along the beam line towards the

anti-clockwise direction. x-axis is pointing to the inside of LHC ring and y-axis is
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vertical upward1. The origin is the geometrical center of CMS.

In cylindrical coordinate, the polar angle θ is measured from the z-axis. In the

xy-plane, the azimuthal angle ϕ in radius is defined starting at x-axis and radial

coordinate (r) is the distance from the origin. The xy-plane in Cartesian coordinate

is identical to the rϕ-plane in cylindrical one.

z axis

y axis

CMS

x axis

r

y axis

x axis

φ

xy plane

z axis

θ

Figure 2.7: The coordinate system in CMS.

In particles physics analysis, one particle flies along the θ direction with mo-

mentum of p⃗. Its pseudorapidity is defined as,

η = − ln tan(
θ

2
) =

1

2
ln(

|p⃗|+ pz
|p⃗| − pz

), (2.1)

where pz is the z component of the particles momentum along the beam line. Thus

a cone with ∆R =
√
(∆η)2 + (∆ϕ)2 can be defined. Also, there is a rapidity value

(y) for the particle, defined as

y = arctanh
|p⃗|c
E

=
1

2
ln(

E + pzc

E − pzc
). (2.2)

In the limit that the particle travels in the speed close to the light, or its

mass is nearly zero, these two values are close to each other numerically. But the

pseudorapidity depends only on the spatial polar angle instead of the energy or

the momentum. In the whole J/ψ → µµ analysis, muons will be described in

pseudorapidity (η) and J/ψ in rapidity (y).

1Here y in Romanic font stands for the y-axis, while later y in Italic font for pseudorapidity.
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2.3.2 Inner tracking system

Outside the beam pipe, the closest sub-detector to the interaction point is the

inner tracking sub-detector. It is designed for the efficient measurement on the tra-

jectories of charged particles and to give a precise secondary vertex reconstruction.

Its structure is shown in Fig. 2.8. Usually, CMS tracker is divided into two parts,

the silicon pixel tracker which is inside (or named as CMS pixel detector) and silicon

strip tracker outside.

Figure 2.8: The tracker schematic structure in CMS[28].

As explained before, LHC will accelerate protons in high luminosity and in

every 25ns and lots of secondary particles after collision will fly into the 4π solid

angle. Being so close to the collision means the number of these secondary particles

passing through the tracker is huge, around 10 million per cm2 per second. Tracker

will provide fast and precise (accurate to 10µm) signals on every layers and the

electronics will process these signals immediately. In addition, pixels and strips

should withstand the strong radiation for 10-year-run of CMS.

Pixels are in the very central part of the whole CMS. Three cylindrical layers

(pixel barrel, short for PXB) at 4.4cm, 7.3cm and 10.2cm in radius and two propeller

like disks at each endcap (pixel forward, PXF) at |z| = 32.5cm and 46.5cm covering

|η| < 2.5 region, totaly 53cm long about the size of a shoe box but with 65 million
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pixels, are used to provide the track segment of charged particles, as shown in Fig.

2.9. Once combining the pixels signals in each layer, a 3-D trajectory segment will

be reconstructed. The resolution for the ρ− ϕ measurement is about 10µm and for

z dimension is 20µm.

Figure 2.9: The silicon pixel tracker schematic view[28][29].

Outside the pixel, there are 10 layers of silicon strip tracker detector, as shown

in Fig. 2.8. Firstly, four inner barrel (TIB) layers with two inner endcaps (TID±)

consist of 3 small discs at each side form a can-like cylinder. Surrounding this can

with the aligned edge, there is an outer barrel (TOB) by 6 layers. Finally, two

9-layer-endcaps (TEC±) close off the tracker. The barrel parts, i.e. TIB and TOB,

cover the regions of 20cm < r < 116cm and |z| < 118cm. The radius of TID extends

to r = 55cm. TEC is located at 124cm < |z| < 282cm and its radial range is up to

113.5cm.

At end of this section, a short example on the tracker performance is given.

In Fig. 2.10, the strips provide a good resolution on transverse momentum and

transverse impact parameter in muon reconstruction under different momentum

scales.
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Table 2.2: The resolutions of silicon pixel and strip tracking subsystems.

Subsystem Acronym Direction Resolution

Barrel Pixel PXB rφ× z 9× 21µm2

Forward Pixel PXF± rφ× r 15× 25µm2

Tracker Inner Barrel TIB rφ 23− 35µm

Tracker Outer Barrel TOB rφ 35− 53µm

Tracker Inner Discs TID± φ 91− 100µrad

Tracker Endcaps TEC± φ 45− 100µrad

2.3.3 Muon system

Muon detection is one of the most important tasks in CMS, that is why the

“muon” is embedded in the detector name of CMS (compact muon solenoid). Muons

are charged heavy point like particles, without interaction strongly with the metal

materials so that they could penetrate layers of inner tracker and calorimeter to the

outside of the magnetic yoke where the muon chambers are installed. Like other

subdetectors, muon system is formed by the barrel part (MB, |η| < 1.2) and endcaps

(ME, 0.9 < |η| < 2.4), numbered and shown in Fig. 2.11. There are three kinds

of chambers, drift tube (DT) chambers for the barrel part, cathode strip chambers

(CSC) for the ME up to |η| < 2.4 and resistive plate chambers (RPC) for both

barrel and endcap[37].

Drift tube chambers

As explained in previous section, the yoke comprises of five wheels. Each wheel

is composed of 4 layers and divided into 12 pieces of 30 ◦-sector (labeled as sector

1 ∼ 12 from ϕ = 0), shown in Fig. 2.12. The DT chambers, that 4 layers (namely

stations, labeled MB1 ∼ MB4) at the r = 4.0, 4.9, 5.9and7.0m, are organized along

this structure of YB. Chambers at section 3 and 4 in Y B-1 and Y B+1 are 40cm
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Figure 2.10: Transverse momentum resolution (left) and transverse impact param-

eter resolution (right) vs. pseudorapidity for muons[30].
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Figure 2.11: A schematic view on the muon chambers layout. The RPC system is

limited to |η| < 1.6 and the CSC on ME4 just covers the non-RPC part.
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shorter along the z direction than other chambers for the chimneys space of the

magnetic cryogenic lines. In the two inner stations MB1 and MB2, DT chambers

are held between two RPCs forming a sandwiched structure. MB3 and MB4 are

formed by DT chambers with one inside layer of RPCs, that could be one, two or

four, depending on in which sector and station it is. So one high pT muon will travel

through 6 RPCs and 4 DT chambers ideally. The DT chambers are overlapped in

different layers to avoiding the gap effect.

One 2m×2.5m DT chamber, comprised of three groups of four, totally 12

aluminium layers. The 3 innermost stations, i.e. MB1−MB3, measure the (r, ϕ, z)

while the MB4 only measures (r, ϕ) without z, since MB4 does not contain the

z-measuring planes. The maximum size of one drift is 2.0cm, the single point

resolution is 200µm and ϕ resolution is 1 mrad.

Figure 2.12: A sector plan of the YB+2, with four layers and twelve 30 ◦-sectors.
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Resistive plate chambers

RPCs are laying in both barrel and endcaps, providing very fast response (10

kHz/cm2 operation rate) but not so good position resolution as DT or CSC. One

RPC is formed by two layers of double-gap bakelite chamber with a 2mm gap

holding the readout between these two layers. Totally there are 480 RPCs in barrel

and 540 in endcap.

Cathode strip chambers

At each endcap of muon system, four layers (stations) of CSC are laying on

the yoke discs labeled ME1 to ME4 from inside outwards, totally 468 CSCs in the

2 endcaps. Each station is divided into 2 (3 for ME1) concentric rings around the

beam line, shown in Fig. 2.13. Except the third ring (ME1/3) of the first disc, CSCs

are overlapped in ϕ to hide the gaps. ME2/1, ME3/1 and ME4/1 have 18 chambers

and other ME rings have 36. The gas ionization and subsequent electron avalanche

by one charged passing particle will fire the anode wire and a group of cathode

strips. Wires and strips are perpendicular with each other and they could provide

three dimension measurement on (r, ϕ, z). RPCs stick to CSCs behind at the first

three layers.

Performance

Muon chambers will measure the hits with momentum and time information

to reconstruct muon segments, namely stand alone muons. Adding the inner track

information in, a matched “tracker track”-“standalone muon” pair forms one global

muon. The momentum resolution as a function of muon momentum is shown in Fig.

2.14. For the muon segment labeled “Muon system only”, multiple scattering affects

the momentum resolution the most when muon momentum is less than 200 GeV/c

and the chamber spatial resolution dominates whilst pµ > 200GeV/c. Combined

with inner tracker track, which gives a much better resolution that the multiple
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Figure 2.13: A layout of muon endcap.

scattering and energy loss can be ignored.

2.3.4 CMS trigger and data acquisition

LHC bunches are colliding in CMS at 40 MHz which is a very high rate corre-

sponding to about 109 interactions per second in its designed luminosity 1034 cm−2s−1.

This is too high frequency for the signal process unit and storage media to handle

and store data. The trigger and data acquisition system are proposed into dispose

the prompt data from CMS subdetectors and reject most of the rubbish events at

a factor of 106. This system consists of four parts, that detector electronics, the

Level-1 (L1) Trigger , the readout network and the online High-Level-Trigger (HLT)

event filter[38]. The CMS Trigger has two levels, i.e. the L1 and HLT. L1 trigger is

a hardware based data filter by the information from calorimeter, muon system and

some correlation of information between the two, while HLT is a software one in

processors by further combinations and other topological calculations on the digital

list of objects extended from L1 trigger. At different periods of LHC luminosity,

different HLT trigger menus will be added to the data acquisition system.
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Figure 2.14: The momentum resolution of muon reconstruction in muon system,

inner track and full system in barrel (left) and endcap (right) regions[38].

Level-1 trigger

L1 trigger is organized into three major parts, i.e. the L1 calorimeter trigger,

the L1 muon trigger, and the L1 global trigger, shown in Fig. 2.15.

The LHC collision rate is 40 MHz while the L1 pipeline data storage time is

3.2µs. Considering the signal propagation delay, which is included in the pipeline

responsive time, the L1 trigger process time must be finished in less than one mi-

crosecond. For sub-L1-systems, the calorimeter trigger preserves the tower energy

sums from the ECAL, HCAL and HF individual cells (or towers) and reconstructed

candidates of electrons, photons, taus and jets. Thresholds will be added on these

particle candidates. In design, for instance, the transverse missing energy trigger

requires the events with MET (transverse missing energy) greater than 100 GeV,

but at the very first low luminosity this trigger is not enabled. The muon subtrig-

ger focuses on µ preselecting. Information from DT, CSC and PRC is used to drop

events with low quality muons. The global muon trigger (NOT the global trigger)

converts muon tracks from different chambers into the same η, ϕ and pT scale, then
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Figure 2.15: The organization of Level-1 Trigger system by calorimeter subtrigger

system, muon one and the global one.

to correlate the tracks. Also another important task for global muon trigger is to

identify whether the muon is isolated or not via vetoing the event with an η − ϕ

grid of unquiet calorimeter towers. The global L1-subtrigger holds a time match on

these information from both calorimeter and muon chambers, and decides to accept

or reject each bunch crossing based on the logical combination only if both previous

subtriggers said “yes” in proposing. Eventually, the L1 output data rate is limited

to 100 kHz.

High level trigger

The data from L1 trigger will be sent to further event filtering and offline

computing systems. The maximum data rate for the current system to handle is

100 GB/s and each event is about 1.5 MB for pp interaction. After L1 trigger

process, the event rate is limited to about 100 kHz. Then the Data Acquisition

system (DAQ), shown in Fig. 2.16, will further reduce the data further to 100 Hz
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to meet the peripheral computing and storage systems requirement.

Figure 2.16: The architecture of the DAQ system.

HLT is a software based event filter system running on a computer farm, which

is similar as the offline data analysis. All information used in L1 will be combined

further and other topological calculations are also help to identify the quality of

events. Other extra information, e.g. the tracker and the full granularity of the

calorimeters, will also be brought into the HLT analysis. Finally, the HLT recon-

struction and event filtering will provide an easy access data on storage media. HLT

menu changed a lot since the startup of the LHC and often changes in the increasing

instantaneous luminosity.

2.4 CMS software

The CMS software (CMSSW) is mainly about the data transferring, computing

and analyzing.

2.4.1 CMSSW framework

After the data arrives at personal user interface, CMSSW will be run on these

data to get physics plots and numbers.

The whole CMSSW framework is based on an Event Data Model (EDM) for

the analysis is not only for the real data but also for the simulated Monte-Carlo
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data. The core program is C++ and in linux system python script program calls

these C++ modules. The data, no matter RAW, RECO, AOD or FEVT2, is stored

as a single entity in memory in a C++ type-safe container named Event. One event

is from one collision in detector. Information, such as tracks, energy reconstructed

from calorimeter and so on, is stored as different C++ class.

In software, one event is picked into memory from POOLSource and plug-

in modules are executed on it. One could manage data to process, modules to

execute, sequence of the modules, parameters to set and files to output in one

python configure file. More detail could be checked in CMS workbook[45].

Recently, a new analysis-oriented data format is invented, namely Physics Anal-

ysis Toolkit (PAT), developed by Physics Objects Groups. It contains most of the in-

formation for analysis but limit the size of data file. Compared with reco::Candidate

class, pat::Candidate carries more information on object resolution, correction fac-

tors to the jet energy, parameterized reconstruction, etc. The arithmetic and struc-

ture of data in C++ classes are more easily to access. From RECO to PAT, analyz-

ers could decide what information to preserve and what to throw away by reseting

the parameters in configure file, which reduces the data file size. For instance,

pat::Muon is used in this thesis. There are these extra information to reco::Muon,

that tracks from a TeV refit, isolation in predefined core, match on generator level

and trigger level, etc.

2.4.2 Monte Carlo generators in CMSSW

For Monte Carlo data, CMSSW offers interface of some MC event generators,

e.g. the traditional Pythia6[63], Herwig6 and some new ones like Pythia8, Her-

wig++, Sherpa. In this study, MC events are generated in Pythia6, one of the most

general-purpose event generators, by calling an EvtGen class.

Generators describe the physics process in particle collisions, such as hard in-

teractions, soft ones, initial and final state parton showers from theories. People

2Full EVenT data, the event combined RAW with RECO data.
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try to cover more details and give a more accurate result, usually based on theoret-

ical calculation. Matrix elements in generator code are set carefully, corresponding

to the event interaction at parton level. For instance, in quarkonia generation,

MSEL(61)=1 means all channels for quarkonia generation is switched on. Other

important matrix elements from NRQCD in the prompt J/ψ and Υ generations are

shown in Table 2.3. More information about this are reference[55].

Table 2.3: NRQCD matrix elements of J/ψ and Υ and corresponding parameters

in Pythia [55].

Pythia setting Value Matrix element

PARP(141) 1.16 ⟨O(J/ψ)[3S(1)
1 ]⟩

PARP(142) 0.0119 ⟨O(J/ψ)[3S(8)
1 ]⟩

PARP(143) 0.01 ⟨O(J/ψ)[1S(8)
0 ]⟩

PARP(144) 0.01 ⟨O(J/ψ)[3P (8)
0 ]⟩/m2

c

PARP(145) 0.05 ⟨O(χc0)[3P (1)
0 ]⟩/m2

c

PARP(146) 9.28 ⟨O(Υ)[3S
(1)
1 ]⟩

PARP(147) 0.15 ⟨O(Υ)[3S
(8)
1 ]⟩

PARP(148) 0.02 ⟨O(Υ)[1S
(8)
0 ]⟩

PARP(149) 0.02 ⟨O(Υ)[3P
(8)
0 ]⟩/m2

b

PARP(150) 0.085 ⟨O(χb0)[3P (1)
0 ]⟩/m2

b

In addition, simple particle guns are also interfaced in CMSSW. This tool offers

only single particles from any vertex position with fixed or a region of transverse

momentum, energy, flying angle, etc. Extra programme can be used to control the

decay and attain the daughters. In CMSSW, there are already many examples of

Pythia6 and Particlegun configuration codes in directory of Configuration/Generator

and Configuration/GenProduction (configuration fragments at generator level).

– 29 –



2.4 CMS SOFTWARE

– 30 –



Chapter 3

Theoretical motivation and

background

This section reviews the standard model (SM) of particle physics briefly. In the

framework of SM, QCD theory plays an important role in the prediction of heavy

quarkonium production in hadron collision. Some theoretical models are established

from QCD, e.g. the color evaporation model (CEM), the color singlet model (CSM),

the color octet mechanism (COM), etc. Different predictions by these models are

also compared with experimental results from CDF, D0 and CMS.

3.1 Standard model

Standard model is a combined theory, including the quantum electrodynamics

(QED) and quantum chromodynamics (QCD). It is the most accepted theoretical

model nowadays in particle physics, since the results from theoretical predictions

and explanations have been verified by high energy experiments well.



3.1 STANDARD MODEL

The elementary forces

Standard model explains three elementary interactions, i.e. the strong, electro-

magnetic and the weak forces1, by exchanging vector bosons (with spin=1) associ-

ated. The summery of these three interactions is listed in Table. 3.1. In addition,

the fourth interaction, gravity, is described by Einstein’s general theory of relativity,

which has not been included in standard model yet, and will not be touched in this

thesis.

Table 3.1: The summary of three elementary interactions described by standard

model[46].

Interaction Couples to Range Mediator(s) Mass JP

strong color charge 10−13cm 8 gluons (g) 0 1−

electromagn. electric charge Infinity photon (γ) 0 1−

weak weak charge 10−16cm W±, Z0 ≈ 102GeV/c2 1

Because photons have zero mass, the range of electromagnetic force is infinite.

The exchanged bosons (W±, Z0) in weak interaction are so heavy that the range

is limited at only 10−16 cm. The electromagnetic and weak forces are unified into

a single interaction, namely electroweak interaction. Strong interaction is more

complex, by exchanging color carried by quarks and gluons. Strong force increases

while the distance between quarks becomes larger. But in experiment, single quark

has never been observed, therefore observable particles should be always presumed

as color neutral (freed due to color confinement). This limits the range of strong

interaction.

1The electromagnetic and weak forces were unified as electro-weak interaction since 1970’s.
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The fundamental particles

The elementary forces interact the known fundamental fermion (with spin=1
2
),

i.e. quarks and leptons. They are grouped into three generations (or families),

summarized in Table. 3.2. Further generation of quarks or leptons with a massless

neutrino is excluded in the measurement of Z0 resonance width.

Table 3.2: Three generations of fundamental particles[46].

Fermions
Family

E.charge Color
Weak isospin

Spin
1 2 3 left-hd. right-hd.

Leptons
νe νµ ντ 0

— 1/2
—

1/2
e µ τ -1 0

Quarks
u c t +2/3

r,b,g 1/2
0

1/2
d s b -1/3 0

The mass of fermion differs a lot from each other. Generally, the mass increases

from lower generation to higher. In history, neutrino is assumed to be massless

until experiments set higher mass limits decades ago. Every fundamental fermion is

associated with an anti-fermion, who has the same invariant mass value but opposite

electric charge, color and the third component of weak isospin.

Standard model

The basic particle world is made up of fermions and anti-fermions coupled to

mediator bosons. In the framework of SM, QED explains the electroweak inter-

action and QCD describes the strong interaction. For the strong interaction, the

underlying symmetry is known as SU(3)C in group theory and the gauge group

of the electroweak interaction is SU(2)L × U(1)Y . Usually, the standard model is

formulized to SU(3)C × SU(2)L × U(1)Y .
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3.2 Quantum chromodynamics

SU(3)C symmetry group models the behavior of strong interaction carried by

quarks and gluons. This gauge theory is named quantum chromodynamics (QCD).

To obey the Pauli exclusion principle, an additional freedom (or one property, more

exactly speeking) named color is proposed to quarks and gluons, i.e. the charge of

strong interaction. For instance, the particle ∆++ = |u↑u↑u↑ > is found to have

JP = 3/2+, i.e. the partons inside have identical flavors and wave functions. Each

quark carries one different color, which could be red(r), green(g), blue(b), anti-

red(r̄), anti-green(ḡ) and anti-blue(b̄). Sum of the three colors or three anti-colors

lead to white (color-neutral). So does the combination of one color and its anti-color.

The gluon, a more complex point-like particle, carries both of color and anti-color.

SU(3)C symmetry group theory allows 3× 3 multiple color states, a single and an

octet one.

There are two properties in QCD, asymptotic freedom and color confinement.

The asymptotic freedom means quarks and gluons will have arbitrarily weak in-

teractions in very short distances in very high energy scale, i.e. they act as free

particles. The asymptotic freedom determines the renormalized QCD coupling is

small in high energy collisions, which could be described by perturbation theory.

The color confinement refers that interactions between quarks will increase with

distance between each other sharply. Thus, color confinement forbids the existence

of any free quarks since so much energy to separate two quarks could produce a new

pair of quark-antiquark out of the vacuum.

A typical QCD cross section could formulized perturbatively to be,

σ = A1αs + A2α
2
s + · · · (3.1)

where the αs is the fundamental coupling constant of QCD, measured by experiment.

It is a “constant” but varies with four momentum transfer (Q) in the QCD process.

Fig. 3.1 presents the different values of αs. The coupling is weak at high energy
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scale and corresponds to the relatively free quarks, which could be described by the

perturbative QCD (pQCD).

Quarkonia (la!ce)

DIS  F 2 (N3LO)  

τ-decays (N3LO)

DIS  jets (NLO)

e+e– jets & shps (NNLO)

electroweak fits (N3LO)

e+e– jets & shapes (NNLO)

Υ  decays (NLO)

α  (Μ  ) = 0.1184 ± 0.0007

Q [GeV]

Heavy Quarkonia

+e–  Annihila!on

Deep Inelas!c Sca"ering

Figure 3.1: Summary of the αs(MZ) from various processes (left), where the respec-

tive energy scale is chosen to be the world average MZ , and the αs as a function of

the energy scale (right). [8]

On the contrast, coupling is growing strong at low energy scale, where the

calculation is based on factorisation theorem instead of perturbative theory. First,

an universal wave function, known as the Parton Distribution Function (PDF), is

proposed to describe the momentum distribution of the valence quark and gluons.

Those partons’ evolution is a function of the four-momentum transfer (Q) and the

parton momentum fraction (x), measured by fitting processes at many independent

experiments. The PDF of type i parton is marked as fi(x,Q
2), so the fi(x,Q

2)dx

is the probability that one parton exists with a fraction of momentum from x to

x+ dx.

Considering both of the high energy perturbation and the wave function at

relatively low energy scale, the QCD hadronic cross section of parton could be

written as,
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dσQCD =
∑
i

∫
dxfi(x,Q

2)⊗ σpertu (3.2)

where, the σpertu is the cross section from pQCD calculation. For the historical

reason as well as that of convention, the perturbative cross section is named as the

hard part and the other PDF part is the soft one.

3.3 Heavy quarkonia production in hadron collision

In practice, the QCD cross section is calculated to leading order (LO), or to

next-to-leading-order (NLO), or to next-to-next-to-leading-order (NNLO). This sec-

tion introduces the heavy quarkonium family and their potential production mech-

anism. Till now, none of these theoretical model gave very good prediction to both

of the production cross section and the polarization simultaneously. Recently, three

elements in color octet mechanism is recalculated by physicists at Peking University

and their theoretical prediction is closer to the experimental measurement[48].

3.3.1 Heavy quarkonia family

At the beginning of this section, heavy quarkonium family is introduced. J/ψ,

Υ and their excitation states are the most frequently studied heavy quarkonium.

Table. 3.3 lists the charmonium family (cc̄) and Fig. 3.2 shows the members. As

well, the bottomonium’s (bb̄) is summarized in Table. 3.4 and Fig. 3.3.

A third heavy quark is found and named top at CDF and D0 in 1994. Due to

its very large mass and very short lifetime(about 20 times shorter than the hadronic

process), no toponium (tt̄) is expected.

The quarkonia category

The quarkonia could come from several channels. In the case of J/ψ’s pro-

duction, cc̄ bind state may come from collision (direct J/ψ, one kind of prompt

J/ψ), or from the radiative decay of high energy excitation states (prompt J/ψ), or
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Table 3.3: The charmonium family[47].

Meson n 2S+1LJ JPC Mass(GeV/c2) Γµµ(KeV)

ηc 1 1S0 0−+ 2.980 —

J/ψ 1 3S0 1−− 3.097 5.40

χc0 1 3P0 0++ 3.415 —

χc1 1 3P1 1++ 3.511 —

χc2 1 3P2 2++ 3.556 —

hc 1 1P0 1+− 3.523 —

ηc(2S) 2 1S0 0−+ 3.594 —

ψ(2S) 2 3S1 1−− 3.686 2.12

Table 3.4: The members of bottomonium family[47].

Meson n 2S+1LJ JPC Mass(GeV/c2) Γµµ(KeV)

Υ(1S) 1 3S1 1−− 9.460 1.26

χb0(1P ) 1 3P0 0++ 9.860 —

χb1(1P ) 1 3P1 1++ 9.893 —

χb2(1P ) 1 3P2 2++ 9.913 —

Υ(2S) 2 3S1 1−− 10.023 0.32

χb0(2P ) 2 3P0 0++ 10.232 —

χb1(2P ) 2 3P1 1++ 10.255 —

χb2(2P ) 2 3P2 2++ 10.269 —

Υ(3S) 3 3S1 1−− 10.355 0.48
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Figure 3.2: The charmonium family[47].
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Figure 3.3: The bottomonium family[47].
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from the b-hadron’s decay (nonprompt J/ψ), summarized in Table 3.5. The first

two are labeled to prompt ones is due to their emergences at the primary vertex of

the reaction, while the third one is not since b-hadron has a relatively long lifetime

(∼ 1.5ps) and the c-quark appears at the secondary vertex with a relatively large

distance (∼ cm) from the primary one. This provides the opportunity to distin-

guish the prompt and nonprompt components. The ψ(2S) and Υ (nS) have got the

similar categories, shown in Table. 3.6. All prompt ψ(2S) are direct and all Υ(nS)

are prompt ones.

Table 3.5: The category of J/ψ production.

1st step 2nd step 3rd step Type

pp→ cc̄+X

cc̄→ J/ψ —
directly prod.

(prompt)

cc̄→ χc χc → J/ψ + γ
Prompt prod. by

decay of χc

cc̄→ ψ(2S) ψ(2S) → J/ψ +X
Prompt prod. by

decay of ψ(2S)

pp→ b̄c+X

b̄c→ cc̄+ ℓ− + ν̄ℓ

cc̄→ J/ψ — Nonprompt

cc̄→ χc χc → J/ψ + γ prod.

· · ·

Another principle in high energy scale is that pp̄ and pp collisions should have

the similar results for the consistent kinematics, since the valence quark gives small

contribution in the evolution.

3.3.2 Some early theoretical models

In history, Charmonium and Bottomonium are studied carefully since their

discovered. They are really good source to test the QCD process, e.g. the pro-
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Table 3.6: The category of ψ(2S) and Υ (nS) productions.

1st step 2nd step 3rd step Type

pp→ cc̄+X cc̄→ ψ(2S) — Direct/Prompt

pp→ b̄c+X

cc̄→ ψ(2S) —

Nonprompt

b̄c→ cc̄+ ℓ− + ν̄ℓ prod.

· · ·

pp→ bb̄+X

bb̄→ Υ (nS) — Direct prod.

bb̄→ χb χb → Υ (nS) + γ Prompt from χb

bb̄→ Υ (mS) Υ (mS) → Υ (nS) +X Prompt from Υ (mS)

duction of heavy quarkonia in hadron collision contains both of the pQCD and

non-perturbative process.

3.3.2.1 Color singlet model

The most natural model inheriting the QCD is the color-singlet model (CSM).

Applying QCD to heavy quarkonia production in high energy collision, where the

hard part is calculated by pQCD and the soft part is described by PDF, the cross

section is given by convolution of these two parts[10],

dσ =

∫
dpΦ(p⃗)M(p)δ(2p0) ≈ M|p=0 ⊗ Φ|x⃗=0 (3.3)

where, theM(p) is the perturbative amplitude with relative momentum p computed

with the usually Feynman rules shown in Fig. 3.4 and M|p=0 is the S-wave, the Φ(p⃗)

is the usual wave-function in coordinate space and Φ|x⃗=0 means its value at the origin

for the S-wave. If the perturbative part M(p) is treated at the leading order in αs,

the result is the Leading Order CSM (LO CMS). The approximate simplification is

based on the S-wave, i.e. the 3S1 state.

This model postulates the quarkonia production is formed in two steps. One
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step is that two on shell heavy quarks (Q and Q̄) are produced from gluon fusion.

The relative momentum scale is aboutM2+P 2
T , in which the heavy quark has got a

large mass and high energy collision provides a large transverse momentum transfer,

and this part is surely calculated by pQCD with Feynman diagram. The possible

processes that the 3S1 states produced with a gluon, are shown in Fig. 3.4.

Figure 3.4: The 6 diagrams for gg → 3S1+ g at LO within the CSM[10]. Spiral line

stands for gluons.

The second step is that a heavy quark binds with the other one to constitute

a meson (QQ̄). Inside of the meson, two heavy quarks should not be with a large

velocity but be treated as particles at rest, namely the static approximation. The

quantum numbers of these two quarks are supposed not to vary, especially the color

and the spin, during the binding process and the physical states should not be of

color. Because the binding process is at the level of color-single state, this model is

labeled to the Color Single Model (CSM).

However, experimental results from CDF disagreed with the prediction of this

LO CSM for the production cross section of prompt charmonium. The measurement

from CDF is above the LO CSM curve in a large variation, about an order of

magnitude. Thus, the gluon fragmentation process is proposed, that LO CSM is

overpowered at large transverse momentum including the high older of αs for both
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of S-wave and P-wave. Later, quark fragmentation is also considered to contribute

the production of quarkonia. For instance, the direct ψ (3S1 states), for both of

J/ψ and ψ(2S), could be from c-quark fragmentation at large pT (pT > 5GeV/c).

Two examples of the fragmentation are shown in Fig. 3.5. Another process may

happen is the initiation of a sea quark during the fragmentation, which could take

huge advantage at large pT .

C

c

ψJ/

c
χ, ψJ/

c

c

c

c

Figure 3.5: Two examples of the gluon fragmentation (left) and the quark one

(right).

3.3.2.2 Color evaporation model

This model is old (since 1977), but revived in 1990s since it could partially

explain CDF’s result instead of CSM. Different from the CSM, this model treats

all color states and spins of the asymptotic quark-antiquark pair all together and

the cross section of all possible QQ̄, here cc̄ as an example, perturbatively. Re-

gardless the color, cc̄ dynamics are determined by short distance, ∆x ∼ m−1
ψ . Soft

gluon emission is assumed during the binding process to equivalence the quantum

numbers.

Then the charmonium could be produced from the invariant mass of 2mc to
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the open flavor threshold 2mD (|D >∼ |cu > +|cd > +|cs >). The cross section of

the charmonium state could be calculated as,

σonium =
1

9

∫ 2mD

2mc

dm
dσcc̄
dm

(3.4)

Here 1
9
stands for the statistical probability of having a color singlet state in the

3× 3̄ charm pair asymptotically. The charmonia comes from cc̄ entangled with each

other and is assumed to a non-perturbative process in Color Evaporation Model

(CEM), since the perturbative one has a very different time scale. Therefore, the

cross section of a certain state, for instance a J/ψ meson, is given by,

σJ/ψ = ρJ/ψσonium (3.5)

where the fraction number ρJ/ψ is a constant, also for other states. But it depends

on so many elementary factors, e.g. the central mass energy, J/ψ transverse momen-

tum, gluon density, etc. Even the model itself cannot give the certain process, which

may also effects this ρJ/ψ. This model is used to predict the ratio of quarkonia cross

sections, e.g. one should have σηc : σJ/ψ = 1 : 3 and σχc0 : σχc1 : σχc2 = 1 : 3 : 5. But

the bias is found, which is between the experimental result and CEM prediction on

the cross section ratio of χc1 over χc2. Moreover, CEM cannot explain the different

cross sections of photo-production and hadron-production.

The weakness of CEM pushed the search for more precious models. But CEM

is the first model which gives the correct cross section shape in history, shown in

Fig. 3.6.

3.3.3 Color octet mechanism

Facing the disagreement between theoretical predictions and experimental re-

sults, the contributions from Fock-state is considered in the P-wave charmonia pro-

duction. This process goes with two gluons, one of which will fragmentate to a pair

of light quark to form the hadron. This assumption turns out to be a complete the-
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Figure 3.6: Data from CDF and prediction by CEM in an arbitrary

normalization[49]. Natural units are used here.

ory, known as the non-relativistic QCD (NRQCD) factorization formalism. Study

on this topic is still on going and it is the most sophisticated tool in the prediction

of heavy quarkonia production.

This effective theory treats quarkonium production as a non-relativistic process

approximately, based on a systematic expansion in both αs and v, where v is the

quark velocity in the quarkonia rest frame. For charmonia, v2c ≈ 0.23 and for bot-

tomonia v2b ≈ 0.08. Quarkonia production is explained to two steps, that QQ̄ pair

at perturbative level first and evolution into a quarkonia state via emission of soft

gluons at non-perturbative level, which means the color (as well as angular momen-

tum, etc) could change during the process and this differs from CSM assumption.

Examples are shown in Fig. 3.7. This is reasonable, that QQ̄ pair is produced at

the distance scale of 1
mQ

(mQ is the quark’s mass), whereas the typical QCD scale
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for bound-state is very large relatively.

The cross section of an inclusive quarkonia state could factorized to be,

dσ(H +X) =
∑
n

dσ̂(QQ̄[n] +X)· < OH
n > (3.6)

Where the dσ̂ is the cross section to produce a QQ̄ pair in certain color and angular

momentum state marked by n, and < OH
n > refers to one matrix element describing

that QQ̄ pair transfers into a heavy quarkonia H,
∑

here stands for all possible S,

L, J and the color. In case of S-wave, the QQ̄ is specialized to cc̄, the momentum

states are standard 2S+1LJ and color states could be color-singlet ((1)S) or color-

octet ((8)S). This is the reason that this model is named Color Octet Mechanism

(COM).

The S-wave quarkonia state could be decomposition to a Coulomb gauge,

|ψ > = O(v0)|cc̄[3S(1)
1 ] > +O(v)|cc̄[3P (8)

J ]g > +O(v2)|cc̄[1S(8)
0 ]g > +

+O(v2)|cc̄[3S(1,8)
1 ]gg > +O(v2)|cc̄[3D(1,8)

J ]gg > + · · · (3.7)

Similar to CSM, at large pT region, the fragmentation also happens in COM,

in which the short distance components is not depends on the quarkonia states

category. In the J/ψ and ψ(2S) production, one gluon could be fragmentate into a

3P
(8)
J with the emission of soft gluons to balance the color during this process. This is

confirmed in the ψ(2S) prediction. Considering the g → 3S
(8)
1 , two chromo-electric

transitions |cc̄gg > to |cc̄ > contributes to the matrix element < Oψ[3S
(8)
1 ] >, scaling

at ∼ m3
cv

7.

The matrix element in Eq. (3.6), known as long-distance matrix element (LDME),

cannot be predicted by NRQCD, but these values can still be estimated in order

of magnitude, that proportional to the specific power of v, expressed in a general

format,

– 45 –



3.3 HEAVY QUARKONIA PRODUCTION IN HADRON COLLISION

g

g

Q
ψ

=

]
(8)
1S3[QQ

+

]1
(8)

S3[QQ

+

]
(8)
1S3[QQ

Figure 3.7: Examples of NLO pQCD in COM. In plot, the gg → ϕq sub-processes

are shown.
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Figure 3.8: Differential cross sections for the prompt J/ψ (left) and ψ(2S) (right) at

Tevatron as a function of pT . Data dots are from CDF collaboration measurement

[50]. Solid curves are the NRQCD factorization fits. Natural units are used here.

Occ̄[2S+1L
(1,8)
J ] = χ†Kϕ(a†cc̄acc̄)ϕ

†Kχ (3.8)

where χ and ϕ are Pauli spinors, and the matrix K is a product of color and

spin (or their co-variant derivative ones). These factors could be attained from

the NRQCD lagrangian. The color singlet LDME < Oψ[3S
(8)
1 ] > is a fixed one

and the color octet LDME’s, < Oψ[3P
(8)
J ] >, < O[3S

(1)
1 ] > and < Oψ[3S

(8)
1 ] >,

are determined by fit the the measured cross section in experiment (e.g. CDF).

Combining the fragmentation in the LDME, a “perfect” agreement is found between

the COM and CDF data, shown in Figs. 3.8 and 3.9.

In the framework of NRQCD, There is an infinite number of LDME, since the

number of Fock-state contribution is infinite that to produce a certain quarkonia.

Detailed values of the LDMEs are listed in the reference[10]. Recently, some LDME

of NNLO are recalculated and got a better agreement with experimental data at

large transverse momentum, as shown in Fig. 3.10.

– 47 –



3.3 HEAVY QUARKONIA PRODUCTION IN HADRON COLLISION

 1e-06

 1e-05

 0.001

 0.01

 0.1

 1

 10

 100

 5  10  15  20  25  30

PT (GeV)

J/ψ production at Tevatron 

s
1/2

=1.96 TeV 

branching ratio: 5.88 % 

µ0=(4mc
2
+PT

2
)
1/2

LDME: 1.16 GeV
3

|y|<0.6

uncertainties:
µ0/2 < µf,r<2 µ0

for αs
5
 contributions:

mc
2
 < sij

min
< 4 mc

2

LO
NLO

NNLO*
CDF data

σ

ϒ

ϒ

σ

ψ

ψ

 1e-04

 0.001

 0.01

 0.1

 1

 10

 100

 0  5  10  15  20  25  30  35  40

d
σ

/d
P

T
| |y

|<
0

.4
 x

 B
r 

(p
b

/G
e

V
) 

PT (GeV)

ϒ(3S) direct data

LO

ϒ+bb
.-

NLO

NNLO
•

σ

 1e-04

Figure 3.9: Differential cross sections for the prompt J/ψ (upper-left), ψ(2S)

(upper-right) , Υ(1S) and Υ(3S) at Tevatron as a function of pT at CDF in the

center mass energy of
√
s = 1.8 TeV, over-drawn with color octet model calculations

up to NNLO[12][13]. Natural units are used here.

3.3.4 Polarization puzzle

Another inference of NRQCD is the quarkonia polarization state. First of all,

the definition of one quarkonia’s polarization angle θ is given by Fig. 3.11, defined as

the angle between the µ+ direction in theQ rest frame and the quarkonia momentum

direction in the laboratory frame. This definition is known as Helicity frame (HX

frame). Other angles and other frames will be mentioned later.

Each J/ψ → µ+µ− event gives one cosθ value and the normalized cosθ value

distribution is affected by another polarization factor α,
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and ψ(2S) (right) by the new fit NNLO LDME at Tevatron and LHC energy scale,

superimposed with experimental results from CDF and CMS[51].
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Figure 3.11: Definition of quarkonia Q’s polarization angle θ.
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dN

d(cosθ)
=

3

2(α+ 3)
(1 + αcos2θ) (3.9)

α =
1
2
σT − σL

1
2
σT + σL

(3.10)

Thus, α = +1 refers to the meson being fully transverse polarized, α = −1 for

the meson being fully longitudinal polarized and α = 0 indicates an unpolarized

sample.

Non-prompt J/ψ polarization is measured to be α = −0.409 in Helicity frame[60].

The polarization measurement on prompt heavy quarkonium gives an unexpected

picture, shown in Fig. 3.12. The ψ(2S) by gluon fragmentation through the color

octet state should have 100% transverse polarization by the NRQCD prediction.

Contrast to the prediction of NRQCD, that the parton’s initial momentum is as-

sumed to be as low as only several percent of colliding hadron, kT factorization

approach does not ignore this initial momenta.
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Figure 3.12: The measured polarizations of prompt J/ψ (left) and prompt ψ(2S)

(right), superimposed a band stands for the prediction from NRQCD and a line

near the bottom infers to the kT factorization. [15]

Another potential explanation to the paradox between NRQCD prediction and

experimental results is redefinition on the polarization angle in a “vertical” frame,

shown in Fig. 3.13. In the Helicity frame, the polar axis coincides with the heavy
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quarkonia momenta direction in the c.m. frame of the colliding hadrons, while the

Collins-Soper (CS) frame requires the polar axis reflect the direction of the relative

velocity of the colliding beams. Then the polarization angle implies both of the

polar angle (θ) and the azimuthal angle (φ).
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Figure 3.13: Definition of the polar (θ) and the azimuthal (φ) angles.

dN

d(cosθ)dφ
∝ 1 + αθcos

2θ + αθφsin2θcosφ+ αϕsin
2θcos2φ (3.11)

Once the known result from Helicity frame transformed to the Collins-Soper

frame, a consistent distribution tendency is achieved, covering different experiments

in several energy scales, shown in Fig. 3.14. So the polar and azimuthal angle (θ

and φ) in both HX frame and CS frame may lead to the right direction in the

polarization measurement.

3.4 Summary

Under the SM framework, QED and QCD describe the particles and their

interactions. The strong interaction with color could be modularized to perturbative

QCD at large transfer energy scale and factorization at middle scale. Different
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Figure 3.14: αθ as a function of momenta, from different experiments (E866, HERA-

B and CDF)[16].

models in the heavy quarkonia cross section prediction inherit the QCD theory and

the COM is the one close to the experimental result most. But the polarization

puzzle cannot be understood well and research on this topic is still on going.

The newly built LHC provides a good opportunity to test the cross section

and polarization of heavy quarkonia, especially at large transverse momenta. This

thesis focuses on the J/ψ production cross section in CMS detector at LHC.
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Chapter 4

Muon and J/ψ reconstruction in

CMS

In the J/ψ → µ+µ− decay, muon is the final particle produced. This section

explains the reconstruction of muon and J/ψ online (HLT) and offline. For muon,

the segments measurement, muon identification, muon isolation and muon trigger

are discussed. The muon reconstruction system uses the information collected from

muon chambers and silicon tracker. Also some calorimeter information is used for

the muon isolation. Besides the good muon quality, the J/ψ reconstruction and

identification also depend on the vertex resolution. In the event passed high lever

trigger, two muons with opposite charges are combined to form a J/ψ candidate in

the mass region from 2.6GeV/c2 to 3.5GeV/c2. The vertex fitted with χ2 > 0.1% is

constrained.

4.1 Muon

Muon is reconstructed in CMS at different levels. From local muon reconstruc-

tion, standalone muon is fitted from muon segments and hits in muon chambers,

while tracker muon is a sub-set of tracks matched to muon segments. Combined

with inner tracker tracks and stand-alone muon tracks, global muon track is fit-
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ted further. Also calorimeter-based muon (CaloMuon) is a sub-set of inner tracks

compatible with calorimeter hits.

4.1.1 Standalone and global muon reconstruction

The standalone/Level-2 muon is reconstructed at muon chambers and the sil-

icon tracker is not used. This reconstruction is seeded from the innermost muon

chambers. The 2D track segment is found in Layer-0, including its track position,

momentum and direction associated. From inside outwards, hits from one layer to

another in muon chambers are fitted to a 3D muon trajectory via Kalman-filter

technique. However, in the CSC endcap chambers, because of the inhomogeneous

magnetic field, the segment is reconstructed as a 3D hit. The χ2 is chosen to reject

the bad hits along the trajectory. The bad hits mainly come from the showering,

delta rays and pair production. The filter searches next station of muon detector, if

no hit is matched in this layer. RPC is also included for optimization of low quality

muons, e.g. low momentum muons and the muons leaked from the gap between

DT sectors and the wheels. The procedure is finished at the outermost layer of

muon system. A backward Kalman filter will re-fit all the hits and every kinematic

parameter of this trajectory uses the values measured at the innermost layer. After

the suppression of the fake track, the muon system extrapolates one muon candidate

track to the nominal interaction point.

Before the operating of LHC, the performance of CMS muon system is simu-

lated by Monte Carlo and tested with cosmic ray and test beam, and the result is

shown in Fig. 2.14 at Section 2.3.3.

Global muons contain the information from both of muon chambers and inner

tracker. Trajectories from the standalone/Level-2 muon segments are extrapolated

to the silicon tracker (strip and pixel detectors). The GEANE package is used for

the estimation on the muon energy loss in the detector material and the multiple

scattering. The region of interest in tracker is determined from the track parameters

and the uncertainties by the extrapolated muon trajectory. Inside the region of
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interest, regional seeds formed by 2 hits in different tracker layers is the initial

candidates for the muon trajectory. A Kalman-filter is applied to these regional

seeds, which combines all compatible pixels and double-side silicon strip hits to

get high efficiency, and the final muon candidates are selected by passing a χ2 cut.

Thus, global muons are reconstructed.

4.1.2 Muon reconstruction performance

The performance of muon reconstruction in idea detector, e.g. reconstruction

efficiency and transverse momentum resolution, given by MC simulation and pub-

lished on technical design report[38], are shown in Figs. 4.1 and 4.2.

Figure 4.1: The standalone (left) and global (right) muon reconstruction efficiencies

as a function of muon pseudorapidity for various transverse momentum from MC

simulation.[38] Natural units are used here.

Generally, muon reconstruction efficiency, defined as the probability of muons

at generator level that can be reconstructed successfully, is at 95% ∼ 99% level.

The drop of the efficiency distribution around |η| = 0.25 and |η| = 0.8 is due to

the non-existence of DT chambers between two DT wheels. At |η| = 1.2 is the

transition region from DT to CSC systems and around |η| = 1.7 are the gaps in the

CSC systems.
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Figure 4.2: The standalone (left) and global (right) muon transverse momentum

resolution as a function of muon pseudorapidity for various transverse momentum

from MC simulation.[38] Natural units are used here.

The resolution on muon transverse momentum is achieved by a Gaussian fit to

the spectrum of this value,

qrec/precT − qgen/pgenT
qgen/pgenT

(4.1)

where q is the charge of the particle, here qmuon = 1; pgenT and precT are the transverse

momentum at the generator and reconstruction levels respectively. The silicon

tracker information, added in the global muon reconstruction, offers 10 times more

precise resolution than the segments in muon chambers only.

4.1.2.1 Muon efficiency measurement

From the latest MC simulation and the real experiment data of J/ψ → µ+µ−

sample, the muon reconstruction and trigger efficiency could be measured in two

methods, i.e. the MC matching method and the data-driven one (namely Tag-and-

Probe method, TnP for short). Here only the global and tracker muon are presented

for the J/ψ → µ+µ− cross section measurement.

As explained before, the global muon could also be tracker muon, since they are

from two different reconstruction algorithms. Global muon has a higher confidence
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level while the tracker muon could access lower (transverse) momentum, distributed

in Figs. 4.3 and 4.4. To avoid the overlap between these two kinds of reconstructed

muons, one muon reconstructed as a global muon will not count into tracker muon,

i.e. these two reconstruction methods are exclusive.
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Figure 4.3: global muon (left), tracker muon (middle) and sum of the two (right)

2D distribution as a function of muon pseudorapidity and transverse momentum in

J/ψ → µ+µ− sample from MC simulation.
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Figure 4.4: global muon (left), tracker muon (middle) and sum of the two (right) 2D

distribution as a function of muon pseudorapidity and momentum in J/ψ → µ+µ−

sample from MC simulation.

The MC match efficiency The number of reconstructed muon divided by the

one of generated muon is the efficiency from Monte Carlo simulation. Furthermore,

the muon quality based on the detector information is determined on, e.g. the
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number of hits in tracker (> 12), the distance of the muon track to the primary

vertex and the beam line (d0 < 3cm, dz < 30cm), a χ2 per degree of freedom < 4

for tracker track, etc. Global muon should also satisfy additional requirements, i.e.

at least one pixel hit, a χ2 per degree of freedom < 4 for global track and muon

identifications of “TrackerMuonArbitrated”1 and “TMLastStationAngTight”2.

Here, the reconstructed muon, both of global and tracker muons, matching

with the muons at generator level is defined as this muon is in a spatial angle near

one generated muon (∆R =
√
(∆η)2 + (∆ϕ)2 < 0.04, ϕ in radian) and also its

transverse momentum is not far from that of a generated muon (∆pT/pT < 0.2).

The angular distance and relative transverse momentum difference of reconstructed

muon and its partner at generator level are shown in Figs. 4.5, 4.6 and 4.7.
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Figure 4.5: Distribution of spatial angle ∆R (left) and relative difference of trans-

verse momentum (right) between reconstructed muon and its generated partner in

all ηµ regions, ∆R cut added.

The MC matched muon efficiency is calculated as,

εµ(pµT , η
µ) =

Nmatch(pµT , η
µ)

N gen(pµT , η
µ)

(4.2)

1resolve ambiguity of sharing segments;
2penetration depth tight selector with additional angular cuts;
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Figure 4.6: ∆R of global (upper) and tracker muon (bottom) in CMS barrel (left),

transition (middle) and endcaps (right) regions.
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Figure 4.7: ∆pT/pT of global (upper) and tracker muon (bottom) in CMS barrel

(left), transition (middle) and endcaps (right) regions, ∆R cut added.
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where, Nmatch is the number of muons at generator level which match good quality

partners at reconstructed level and N gen is the number of generated muons in one

bin. Similarly, the efficiency is defined as a function of pµ and ηµ for both of global

and tracker muons. The 2D efficiency maps are shown in Fig. 4.8.
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Figure 4.8: Reconstruction efficiency 2D distributions of single global (right), tracker

(middle) muon and sum of the two (right), as a function of pmuonT (upper) and pmuon

(bottom) plus muon pseudorapidity by J/ψ → µ+µ− sample from MC simulation.

The muons are reconstructed well in CMS, especially for the high (transverse)

momentum pµT > 3.5GeV/c at barrel and pµ > 5GeV/c at endcap. Also the one

dimension single muon offline reconstruction efficiencies are shown in Fig. 4.9, as a

function of transverse momentum. At high pT , the efficiency drop is due that the

TMLastStationAngTight selector is known to be inefficient at high pT . Firstly, this

selector requires the track and the segment match within three sigma and the sigma

tends to be smaller with pT increases. Secondly, above a certain pT the selector
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requires two stations3 instead of one, so it becomes less efficient. TMLastStatio-

nAngTight was not meant to be used at high pT and other ways of selecting muons

could achieve better efficiency and good purity (e.g. just taking global muons or

muons passing some certain cuts). With the development of muon calibration, this

could be improved.
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Figure 4.9: Reconstruction efficiency 1D distribution of single global, tracker muon

and sum of the two as a function of pµT in different pseudorapidity bins by J/ψ →

µ+µ− sample from MC simulation.

Also the muon reconstruction efficiency as a function of muon pseudorapidity

could be simulated, as shown in Fig. 4.10.
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Figure 4.10: Reconstruction efficiency distribution of single global (left), tracker

(middle) muon and sum of the two (right) as a function of ηµ by J/ψ → µ+µ−

sample from MC simulation.

3One station is one layer of CSC muon chamber, see Section 2.3.3.
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Another single muon identification efficiency (muon id efficiency) is defined

as the probability of a muon track reconstructed as a global/tracker muon. This

concept is one part of the Tag-and-Probe (TnP) methodology. Similar to the di-

rect global/tracker muon over MC muon method, this muon id efficiency could be

calculated as shown in Fig. 4.11.
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Figure 4.11: Muon identification efficiency distributions of single global, tracker

muon and sum of the two as a function of pmuonT in different pseudorapidity bins by

J/ψ → µ+µ− sample from MC simulation.

Tag-and-Probe methodology The single muon efficiency, also the trigger effi-

ciency, cannot be extracted from experimental data directly, because of lacking of

the generator level information. But they could be measured by the Tag-and-Probe

(TnP) methodology. TnP uses a known mass peak (e.g. the J/ψ, Υ , Z, etc.) to

select the tag particle and to estimate the possibility of finding a probe particle;

these two particles could form a reasonable mass spectrum. In this study, the known

mass resonance is the J/ψ and the tag particle is one well reconstructed muon and

passed the certain trigger. It assumes that each generated muon could leave a track

in tracker system in the pseudorapidity region of |η| < 2.4. The probe candidate

is a tracker track that we trust it as a muon trajectory and passing probe is the

track satisfied all criteria that is really a reconstructed muon. The muon identity

and trigger efficiency equals to the ratio of the passing probe over probe candidate
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approximately.

This process could be formulized as Following. First of all, the tag muon

and probe particle will form a J/ψ candidate within mass range from 2.6 to 3.5

GeV/c2 (m =
√
p2tag + p2probe). All muons/tracks are categorized into three types,

that tag muon (T), passing probe muon (P) and failing probe muon (F), as shown

in Table 4.1. So the total probe is the sum of the passing probe muon and the

failing probe muon. Thus, six different combinations of the tags and probes are

TT/TP/TF/PP/PF/FF.

Table 4.1: The definition of muons in Tag-and-Probe method.

tag muon(T) a muon passes tag selection criteria

passing probe muon(P) a muon (not of tag quality) passes the selection

cuts, whose efficiency is being measured

failing probe muon(F) the rest of the probe muon candidates who fail

to pass the selection criteria

Theoretically, the efficiencies of three different tag and probe muons are labeled

as ρT , ρP and ρF . Then ρT + ρP + ρT = 1 (a muon track will be always one of the

three categories.) and the muon reconstruction efficiency is ϵevent = ρT + ρP . Event

by event, the muon efficiency is re-written as[56],

ϵevent =
2NTT + 2NTP + 2NPP +NTF +NPF

2NTT + 2NTP + 2NPP + 2NTF + 2NPF + 2NFF

(4.3)

Here the factor 2 before some combinations is because that there are two muons

in one J/ψ event and they act the tag and probe muons alternatively. When the

statistic is high and in a sufficiently large sample,

lim
N→∞

ϵevent =
2ρ2T + 2ρ2P + 4ρTρP + 2ρTρF + 2ρPρF

2ρ2T + 2ρ2P + 2ρ2F + 4ρTρP + 4ρTρF + 4ρPρF
= ρT + ρP (4.4)
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There could be a lot of approximate ways to calculate the ρT +ρP and one easy

example to lead the same result is,

lim
N→∞

ϵevent = lim
N→∞

2NTT +NTP

2NTT +NTP +NTF

=
2ρ2T + 2ρTρP

2ρ2T + 2ρTρP + 2ρTρF
= ρT + ρP (4.5)

here the numerator of the fraction indicates the events with one tag muon and a

passing probe muon, while the denominator corresponds to the events with one tag

muon and the other could be any muon. The number of events are extracted by

fitting the mass spectrum .

4.1.2.2 Muon reconstruction resolution

As explained in Section 4.1.2, the relative difference between the muon at gen-

erator level and reconstruction level (L3 level) is the resolution, i.e.

qrec/precT − qgen/pgenT
qgen/pgenT

, (4.6)

where q is the charge of the particle, here qmuon = 1; pgenT and precT are respectively the

transverse momentum at the generator and reconstruction levels. In a certain bin,

resolution on muon transverse momentum of many events could form a Gaussian-

like peak. The mean value and RMS (Root Mean Square, here it equals the variance

sigma.) could be calculated by fitting, as shown in Fig. 4.12.

Thus, the muon transverse momentum resolution as a function of muon pseu-

dorapidity in different transverse momentum is extracted from fitting the resolution

peak in consecutive pµT and ηµ bins, as shown in Fig. 5.2. The resolution smears

not very much at the low pseudorapidity but does a lot at high η region. In the

calibration study, the J/ψ peak from experimental data is fitted by different muon

pT discretion function and get similar result[59], that will be discussed in details in

Section 5.1.

Similarly from MC simulation, the ηµ resolution is defined as ηgen − ηrec, also

the ϕµ resolution, as shown in Fig. 4.14.
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Figure 4.12: Muon transverse momentum resolution distributions in different pµT

and ηµ bins, fit by Gaussian functions.

4.2 J/ψ

J/ψ event collected in CMS depends on the single muon reconstruction and

trigger performance. As discussed before, the single muon could be reconstructed

well in CMS and tracker muon optimizes muon statistic a lot, particularly in low

pµT range. Trigger will be discussed in next chapter.

4.2.1 J/ψ reconstruction

The J/ψ → µµ events are selected by requiring every two muons in one event

with opposite charges and their invariant mass in between 2.797 and 3.397 GeV/c2

(massJ/ψ ± 6 · σ). Each muon pair should also pass a common vertex fit only if

the fit χ2 probability less than 0.1%. Based on different muon types (global muon

or tracker muon), J/ψ is classified into three categories that the global-global, the

global-trackerand the tracker-tracker muon pair. To reduce the effect of multiple
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Figure 4.13: Muon transverse momentum resolution as a function of ηµ in different
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Figure 4.14: Muon pseudorapidity (left) and azimuthal angle in radians (right)

resolution as a function of ηµ in different pµT .
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combination, only the pure muon pair (global muon has higher quality than the

tracker one) is picked up and rest of them are dropped. If two or more muon pair

candidates have the same type of combination, the one with the largest transverse

momentum is selected. On average, there are 1.07 J/ψ combinations in each event

at this early LHC running period.

The three different types of muon pair are distributed in Fig. 4.15, as func-

tions of transverse momentum (p
J/ψ
T ) and rapidity (yJ/ψ). Also the reconstruction

efficiency is shown in Fig. 4.16. The tracker muon enlarges the statistic of recon-

structed J/ψ and the p
J/ψ
T could extend to 0. In this thesis, all reconstructed J/ψ

are sum of these three combinations.

4.2.2 J/ψ mass peak

Two muons from J/ψ or other sources, e.g. QCD process, could be distin-

guished clearly in CMS, even at very early stage of LHC run, as shown in Fig. 4.17.

J/ψ, ψ(2S), Υ(nS) and Z peaks can be seen respectively.

Zoomed into the J/ψ mass region, the trigger and vertex filter will help to sup-

press QCD background strongly and a relatively clean J/ψ source will be selected,

as shown in Fig. 4.18. Here prompt/nonprompt J/ψ and QCD dimuon events from

MC simulation are included to show their ratios and distributions in mass spectrum.

All quantities used are from MC Pythia production and CMSSW full simulation,

e.g. the number of reconstructed events, pre-selection filter acceptance, cross sec-

tion of each component source, etc. Since the J/ψ cross section from MC Pythia

generator is not reliable, even in theory this cannot be understand very well, the

MC simulated data shown in Fig. 4.18 may not match the experimental results.

In different transverse momentum and rapidity bins, the mean value and the

resolution of the J/ψ resonance could be extracted by fitting the mass peak. Some

examples are shown in Fig. 4.19. The mean values and resolutions are also sum-

marized and ploted in Fig. 4.20. The mean value of the J/ψ peak is the average of

Gaussian function and the resolution (r) is the combined RMS of these two compo-
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Figure 4.15: The distribution of global-global (left-upper), global-tracker (right-

upper), tracker-tracker (left-bottom) and sum of the three (right-bottom) J/ψ re-

constructed as a function of p
J/ψ
T -yJ/ψ from MC simulated J/ψ → µµ sample. The

tracker muon broadens the reconstructed J/ψ from 6GeV/c (3GeV/c) at the barrel

(endcap) part to nearly 0. The statistic at low p
J/ψ
T in the endcap increases over five

times, where the cross section could be measured in finer bins at these regions. For

the barrel part, there are still not sufficient events at low p
J/ψ
T and the cross section

will measured from a certain p
J/ψ
T but not from 0.
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Figure 4.16: The reconstruction efficiency of global-global (left-upper), global-

tracker (right-upper), tracker-tracker (left-bottom) and sum of the three (right-

bottom) J/ψ reconstructed as a function of p
J/ψ
T -yJ/ψ from MC simulated J/ψ → µµ

sample. The tracker muon raises the J/ψ efficiency from less than 10% to about

50% at the very low p
J/ψ
T in the endcap. Due to the low statistic of the low p

J/ψ
T

area in the barrel part, the efficiency has got large uncertainty and is not reliable.

In practice, efficiency of J/ψ → µµ from experimental data is not so high as shown

here, because of the limitation of trigger and muon geometry acceptance.
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nents, defined as

r =
√
ϵ · σ2

1 + (1− σ) · σ2
2 (4.7)

er =
1

2r

√
(σ1 · ϵ · eσ1)2 + [σ2 · (1− ϵ) · eσ2 ]2 + [

1

2
(σ2

1 − σ2
2)eϵ]

2 (4.8)
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Figure 4.18: MC simulated J/ψ mass spectrum by GG(left)/GT(middle)/TT(right)

muon pairs, including the prompt and nonprompt (the small Gaussian-like red dots

in the middle of each plot) components and QCD background (the linear-like blue

dots at the bottom of each plot), fitted by a Crystalball function plus a weighted

Gaussian for signal and a exponential function for the QCD background.
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Figure 4.19: Invariant mass resonance fit of J/ψ in different transverse momentum

and rapidity bins. 3.5 < p
J/ψ
T < 4.5(upper), 12 < p

J/ψ
T < 15(bottom) and |yJ/ψ| <

1.2(left), 1.2 < |yJ/ψ| < 1.6(middle), 1.6 < |yJ/ψ| < 2.4(right)
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Chapter 5

Acceptance and efficiency

Acceptance (A) is the probability of the detectable J/ψ, reflecting the CMS

geometrical coverage and the muon kinematical limitation. Since lacking of infor-

mation at internal parts of the CMS detector, the acceptance is studied from MC

simulation and experimental data kinematical fit. Efficiency (ϵ) is measured by the

Tag-and-Probe method from data instead of the MC simulation. The MC trans-

verse momentum and rapidity spectrum is reweighted to the data one to avoid the

mean value migration.

5.1 J/ψ acceptance

Not all J/ψ generated from proton-proton collision could be detected, e.g. some

muons decayed from J/ψ cannot be reconstructed due to the detectorgeometrical

coverage (CMS muon system covers as far as |η| = 2.4) and the minimum transverse

momentum measured1 in the tracker and muon system. In this study, these parts

below the minimum sensitivity will not be considered, including some ranges above

the limitations of η and pT , where the muon identical efficiency is increasing from

a low one (10%). In Tag-and-Probe method, those parts with low efficiency have

1Muons collected in the barrel part could reach as low as around pT = 3GeV/c and 2GeV/c in the

endcap, that is constrained mainly by track curvature in the magnetic field.
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large uncertainty, so the parts with low muon efficiency are also removed in this

analysis.

5.1.1 Central value of Acceptance

This section explains the calculation of J/ψ acceptance central value. Later in

next section, some factors that may bias the acceptance will be studied.

5.1.1.1 Acceptance criteria

As mentioned in Section 4.1, the single muon identity efficiency is simulated in

CMSSW. The sum of global and tracker muon efficiencies as a function of (trans-

verse) momentum and pseudorapidity are shown in Fig. 5.1. To remove the part

with low efficiency, muon at generator level will be selected only if it could pass a

certain criteria, as shown in Table. 5.1.

From now on, the “accepted muon” means the single muon that passed this

criteria. And the J/ψ acceptance, single and double muon reconstruction efficiency
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Figure 5.1: Reconstruction efficiency 2D distribution of single global plus tracker

muon, as a function of pmuonT (left) and pmuon (right) by muon pseudorapidity from

MC simulated J/ψ → µ+µ− sample.
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Table 5.1: The criteria of muon at the generator level, to remove muons in the muon

with low identity efficiency.

pµT > 3.3GeV/c, for |ηµ| < 1.3;

pµ > 2.9GeV/c, for 1.3 < |ηµ| < 2.2;

pµT > 2.4GeV/c, for 2.2 < |ηµ| < 2.4;

and dimuon trigger are all based on the accepted muon, excluding the un-accepted

one.

5.1.1.2 Prompt and nonprompt J/ψ acceptance

To calculate the acceptance, numerous prompt and nonprompt J/ψ events

without any cuts on transverse momentum and rapidity are generated by the gen-

erator Pythia. Applying single muon selection criteria listed in Table. 5.1, the J/ψ

acceptance is defined as,

A(pT , y, λη) =<
N
J/ψ
det (pT , y, λη)

N
J/ψ
gen (pT , y, λη)

>bin, (5.1)

where,

• pT and y are the J/ψ transverse momentum and rapidity at generator level;

• λη is one of the nine possible polarization scenarios 2;

• N
J/ψ
det (pT , y, λη) means the number of detectable J/ψ events that both of the

two muons decayed from J/ψ passed the selection cuts in a give pT + η bin;

• N
J/ψ
gen (pT , y, λη) is the total number of generated J/ψ events in a given bin;

• <>bin indicates this acceptance being calculated bin by bin.

2The polarization scenario could be non-polarized and “transverse/longitudinal (t/l)” + “po-

lar/azimuthal angle (θ/ϕ)” + “Helicity/Colins-Soper frame (HX/CS)”.
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However, transverse momentum and pseudorapidity of one single muon at MC

generator level may have different values from the reconstruction level. Consid-

ering the differences, due to the resolution discussed in Section 4.1.2.2, the pµT is

smeared to another value from the one at generator level, based on the study of

muon reconstruction. By fitting the J/ψ mass resonance and transverse momen-

tum distribution with different pµT as a function of ηµ, the muon resolution function

(σ(pµT )/p
µ
T )[59] in Fig. 5.23 has been parameterized as,

σ(pµT )

pµT
=

 c+ b1 · |ηµ|2, if |ηµ| ≤ b0

b2 + b3(|ηµ| − b4)
2, if |ηµ| > b0

(5.2)

where,

• b0 = 1.61,
• b1 = 0.00503,
• b2 = 0.0178,
• b3 = 0.0122,
• b4 = 1.33,
• c = b2 + b3(b0 − b4)

2 − b1 · b20.

Or,

σ(pµT )

pµT
=

 0.00572 + 0.00503 · |ηµ|2 if |ηµ| ≤ 1.61

0.0178 + 0.0122 · (|ηµ| − 1.33)2 if |ηµ| > 1.61
(5.3)

Technically, a kinematical calibration to pµT is investigated, that each muon’s pµT

is smeared to be pµT
′ according to its pseudorapidity value and the J/ψ acceptance

is redefined to be,

A′(pT , y, λη) =<
Ndimuon
det (pdimuonT

′
, ydimuon, λη)

Ndimuon
gen (pdimuonT , ydimuon, λη)

>bin, (5.4)

The acceptances of prompt and nonprompt J/ψ could be computed in this way

from private MC samples, shown in Fig. 5.3. The prompt J/ψ is non-polarized and

3provided by Daniele TROCINO
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the nonprompt J/ψ is reweighted from α = −0.333 polarization in HX frame (the

default setting in EvtGEN) to α = −0.409 (measured from Υ(4S) → J/ψ events in

BaBar[60]).

5.1.1.3 Mixture of two J/ψ components

The prompt and nonprompt J/ψ should be mixed at the same integrated lu-

minosity level. For all prompt J/ψ events generated, the cross section given by

Pythia is 0.2118mb. There are 16,921,111 J/ψ with particle ID pid = 443 from

the total generated 61,400,000 events, i.e. the J/ψ rate is 27.56%. So the prompt

J/ψ → µ+µ− cross section is,

ηmuon 
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

T
)/

p
T

(pσ

0

0.01

0.02

0.03

0.04

0.05

0.06

resolution fitted on data

resolution from MC truth

resolution fitted on MC

)-1CMS Preliminary (7 TeV, ~ 40 nb

Figure 5.2: The muon reconstruction resolution as a function of ηµ.
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Figure 5.3: The 2D acceptance distribution of prompt (left) and nonprompt (right)

J/ψ.

σprompt = σpromptPythia · rJ/ψ ·Br(J/ψ → µ+µ−)

= 0.2118mb× 27.56%× 5.93%

= 3.43× 10−3mb (5.5)

where, the Br(J/ψ → µ+µ−) = 5.93% is the branch ratio of J/ψ decaying to muon.

And the nonprompt J/ψ is a little bit different,

σnonprompt = σnonpromptPythia · rJ/ψ ·Br(b→ J/ψ) · 2 ·Br(J/ψ → µ+µ−)

= 48.44mb× 0.64%× 2× 1.16%× 5.93%

= 4.24× 10−4mb (5.6)

where, σnonpromptPythia = 48.44mb is the cross section of all B-events generated given

by Pythia (EvtGEN), rJ/ψ = 0.64% is the J/ψ rate in all generated B-events,

Br(b → J/ψ) is the branch ratio of b-hadron decaying to J/ψ and the factor 2

means there are 2 b-hadrons in one B-meson.

Then the mixed acceptance can be obtained as shown in Fig.5.4.
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5.1.2 Some biases on acceptance

Some biases on the mixed acceptance, which may be influenced by some possible

factors, are measured as the systematic uncertainties.

b-fraction

Considering the difference between the prompt acceptance map and the non-

prompt one, both of the two are reweighted to the same integrated luminosity and

mixed together. The fraction of mixture is from Pythia simulation, but the cross

section of prompt J/ψ given by Pythia is not reliable, and the fraction of b-hadron

is unknown in the inclusive experimental data sample. Here the b-fraction is re-

estimated to 1 ± 20% to cover this unknown fraction. The difference between the

two biased acceptances, between the 80% and the 120% b-fraction, is considered as

one of the systematics.

b-polarization

The acceptance of nonprompt J/ψ has α = −0.409 polarization in HX frame

measured in BaBar experiment[60], which is different from α = −0.333 predicted

by EvtGEN. So the disparity of these two b-polarizations is one of the factors

contributing to the systematic uncertainty.

Final state radiation

The J/ψ meson may radiate photons at the end of gluon-gluon refusion process,

namely final state radiation (FSR). This may cause the variant property of J/ψ to

the decayed muon pair, e.g. mean value of resonance mass, transverse momentum

or rapidity value. The distinction of J/ψ and dimuon gives out another source of

bias on acceptance. To avoid the double counting the varies between pµT and pµT
′,

dimuon here use the pµT before resolution function correction.
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Figure 5.4: The mixed prompt and nonprompt J/ψ acceptance.

pµT resolution

The pµT has been smeared to pµT
′ as described in the paragraph above. This

resolution function has the maximum residual bias to be 0.05%. By over estimation

this bias to be 0.1%, the pµT
′ is further smeared to pµT

′ × (1± 0.1%). This difference

from pµT
′ × (1 − 0.1%) to pµT

′ × (1 + 0.1%) is considered to be another systematic

uncertainties.
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pµT calibration uncertainty

The calibration of pµT to pµT
′ has its immanent uncertainty. By smearing pµT

to be another value pµT
′′, indicating the upper edge of the shadow superimposed to

resolution curve in Fig. 5.2, the transformation from the acceptance based on pµT
′ to

that of pµT
′′ is accepted to be one of the systematic uncertainties.

Kinematical distributions

The kinematical spectrum of J/ψ given by Pythia is different from experimental

data or other simulation models, which must be count into uncertainties. The

acceptance is recomputed by following the spectrum from CASCADE and CEM.

Larger variances between the two new acceptances and the one from Pythia is taken

into uncertainty.

Vertex position

The positions of primary and secondary vertices on the projection in z-axis in-

fluence the acceptance, since the signal points on muon chambers are quite different

even the muons from different global vertices have the same local flying direction.

To estimate this effect, two independent samples are selected, i.e. |Z0| < 0.1cm and

9 < |Z0| < 11cm, where Z0 = z −
√
x2 + y2 · p

J/ψ
z

p
J/ψ
T

is defined in Fig. 5.5. The dis-

crepancy on acceptances of these two samples is one of the systematic uncertainties.

Their J/ψ kinematical spectrums at generator level are reweighted to the same one.

5.2 Efficiency

Firstly, the single muon identification and high level trigger efficiencies are

calculated independently. The J/ψ efficiency is accessed by reweighting the J/ψ

candidate kinematical spectrum.4

4The tag and probe result is calculated by Giovanni Petrucciani and the MC simulated result is sum-

marized by me.
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Figure 5.5: The schema of Z0.

5.2.1 Single muon efficiency

Instead of MC simulated efficiency discussed in Section 4.2.1, the usage of Tag-

and-Probe (TnP) methodology helps to calculate the single muon reconstruction

and trigger efficiency from experimental data. Basic principle of TnP is explained

in Section 4.1.2.1, that to define one “tag muon” with a very high reconstruction

quality, to collect “probe muon” in all tracks/muons sharing the vertex of J/ψ

candidate, to select the “passing probe muon” satisfying a criteria and the muon

reconstruction efficiency is the ratio of “passing probe muon” over ”probe muon”.

In practice, the muon reconstruction efficiency is divided into three steps, that

the tracking efficiency (ϵtrack), muon identification efficiency (ϵoff |track) and trig-

ger efficiency (ϵtrig|off ). So the finally combined offline reconstruction and trigger

efficiency (ϵ(µ)) is,

ϵ(µ) = ϵtrack · ϵoff |track · ϵtrig|off (5.7)

The details are in references [58], [61] and [62]. And the results are shown in
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Figs. 5.6, 5.7 and 5.8.

5.2.1.1 Tracking efficiency

Tracking efficiency is measured in TnP methodology. The tag particle is a well

reconstructed global muon, with pµT > 5GeV/c, |ηµ| < 2.4 and passed the HLT

trigger. The probe particle is a stand-alone muon, with an opposite charge to the

tag one, pµT > 2.4GeV/c and |ηµ| < 2.4. The tag muon and probe particle should

share the same vertex, i.e. passing the vertex filter, and combined invariant mass

should fall into the J/ψ resonance range. The passing probe is the stand-alone

muon matches one tracker track, with ∆η < 0.4, ∆R < 1.0 and ∆pT/pT < 5.0. The

efficiencies are shown in Fig. 5.6.
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Figure 5.6: The muon tracking efficiency as a function of ηµ.

5.2.1.2 Muon identification

Similar to the tracking efficiency in Tag-and-Probe method, the tag muon is

a global muon that passed HLT. The probe is a CaloMuon with pµT > 0.7GeV/c
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and |ηµ| < 2.4. The passing probe criteria is to match a global/tracker muon with

the same selection cuts as the tracking efficiency. Efficiencies are shown in Fig. 5.7,

where three pseudorapidity bins indicate for the barrel (|µη| < 1.0), the overlap

(1.0 < |µη| < 1.4) and the endcap (1.4 < |µη| < 2.4) region. The decreasing effi-

ciency at large pµT , as described in Chapter 4, is due to the TMLastStationAngTight

selector, known to be inefficient at high pT .
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Figure 5.7: The muon identification efficiencies as a function of pµT in regions of

|ηµ| < 1.0 (upper-left), 1.0 < |ηµ| < 1.4 (upper-right) and 1.4 < |ηµ| < 2.4 (bottom-

left) and 2D efficiency plot (lower-right).
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5.2.1.3 Trigger efficiency

Tag muon here is a global muon that passed HLT and with pµT > 4GeV/c and

|ηµ| < 2.1, due to the non-existence of CSC beyond the |ηµ| = 2.1. The probe muon

is a global/tracker muon and passing probe is the one in the event passed a certain

high level trigger.
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Figure 5.8: The single muon HLT L1DoubleMuonZero trigger efficiencies as a func-

tion of pµT in region of |ηµ| < 1.0 (upper-left), 1.0 < |ηµ| < 1.4 (upper-right) and

1.4 < |ηµ| < 2.4 (bottom-left) and 2D efficiency plot (lower-right).
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5.2.2 J/ψ efficiency

After the single muon efficiency is measured, the J/ψ efficiency could be cal-

culated as,

ϵ(J/ψ) = ϵ(µ+) · ϵ(µ−) · (1 + ρ) · ϵvertex (5.8)

where, ϵ(µ+) and ϵ(µ−) are single charged muon efficiencies investigated from TnP,

1 + ρ is the correction factor between the efficiency of J/ψ and the product of two

muon ones from MC simulation shown in Fig. 5.9 and ϵvertex is the probability of

two muons from one common vertex. This ϵvertex is the ratio between number of

global-global muon pairs with or without the common vertex filter to experimental

data (see Section 4.2.1) in the region of massJ/ψ±100MeV/c2 where the high signal

purity ( 95%) is measured and estimated to be (98.35± 0.16)% [62] 5.
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Figure 5.9: The (1+ρ) correction factor from MC simulation.

5The ρ and ϵvertex are measured by Luca Martini.
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5.3 Corrected average value in A · ϵ

Actually, this J/ψ efficiency is still not very reliable yet, since the kinematic

spectrum affects the efficiency distribution a lot, particularly when the bin size is

very large. To avoid the efficiency position drifting, the acceptance and efficiency are

reweighted to the data spectrum. The reweighted J/ψ acceptance and < A · ϵ >bin

are shown in Fig. 5.10.
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Figure 5.10: The acceptance (left) and < A · ϵ >bin (right) of J/ψ reweighted to

experimental data kinematical spectrum.

By reading pT and y of each J/ψ candidate, its acceptance value A(p
J/ψ
T , yJ/ψ)

could be found in the 2D acceptance plot in Fig. 5.4. Also the efficiency ϵ(pµ
+

T , ηµ
+
, pµ

−

T , ηµ
−
)

is attained via checking the single muon efficiency’s histogram and corrected with

the ρ and ϵvertex factors. Thus, for one J/ψ candidate, the acceptance and efficiency,

as well as the product < A · ϵ >event and <
1
A·ϵ >bin, could be calculated. For a bin

of (p
J/ψ
T , yJ/ψ), these values are,
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< AJ/ψ >bin = <
1

Nevent

·
Nevent∑
k=1

Ak >bin (5.9)

< ϵJ/ψ >bin = <
1

Nevent

·
Nevent∑
k=1

ϵk >bin (5.10)

< A · ϵ >bin = <
1

Nevent

·
Nevent∑
k=1

(Ak · ϵk) >bin (5.11)

<
1

A · ϵ
>bin = < Nevent ·

Nevent∑
k=1

1

Ak · ϵk
>bin (5.12)
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Chapter 6

Mass and lifetime fit

As discussed in Chapter 4, the dimuon invariant mass spectrum (including J/ψ,

Ψ(2S), Υ(nS) and Z boson peaks) is reconstructed clearly, as shown in Fig. 6.1.
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Figure 6.1: The global-global di-muon mass resonance spectrum in J/ψ mass region,

reconstructed in CMS, HLT DoubleMu0 triggered, with standard cuts.

J/ψ yields could be measured by fitting the mass spectrum in the [2.6, 3.5]

(GeV/c2) mass region. Considering the final state radiation, the dimuon candidate

has a lower mass than the J/ψ truth and a tail at the low mass part of the mass

peak, as shown in Fig. 6.5. Fitting the lifetime (cτ) helps to count the numbers of



6.1 J/ψ MASS SPECTRUM

prompt and nonprompt J/ψ events, which helps to sperate cross sections of these

two components.

6.1 J/ψ mass spectrum

In each p
J/ψ
T and yJ/ψ bin, the signal mass peak is fitted by Crystal ball function

(CB) and the QCD background by exponential function. As explained in Section

4.2, the J/ψ candidate is selected from the best combination of global and tracker

muons. The three J/ψ categories (global-global, global-tracker, tracker-tracker)

and the sum of the three are fitted and shown in Fig. 6.2. Approximately, 18.8%

are global-global muon pairs, 45.9% are global-tracker pairs and 34.3% are tracker-

tracker pairs. The following fits are all on the sum of the three, as described in

Section 4.2.

Also some other functions, e.g. a double Gaussian for the signal and a polyno-

mial function for the background, are tested. The difference is considered to be a

systematic uncertainty.

6.1.1 Crystal ball function fit

The crystal ball for signal and the exponential function for background are

chosen in fitting. Some examples, including the mass peak and pull value, are

shown below in Figs. 6.3 and 6.4. Detailed fitting in each bin is plotted and listed

in Appendix D.

6.1.2 A test on other functions

Since two muons in different pµT and ηµ may have different resolutions in CMS

detector, the Crystal ball plus Gaussian function performs better here than the

single Gaussian in describing the mass shape, as shown in Fig. 6.5. Here the double

Gaussian for the signal and polynomial function for the background are proposed,

as shown in Figs. 6.6 and 6.7. Detailed fitting in each bin is plotted and listed in

Appendix C.
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Figure 6.2: J/ψ mass fitted by Crystal ball function, for the global-global pair

(upper-left), global-tracker pair (upper-right), tracker-tracker pair (bottom-left) and

sum of the three (bottom-right).

6.2 J/ψ lifetime fit

J/ψ lifetime fit 1 is used to count the number of dimuon events, which could be

prompt J/ψ, nonprompt one and QCD background. Here only a brief introduction

to the lifetime fit in the J/ψ cross section study [61] is given. Detailed process is

described in Reference [62].

1This part of job is done by Roberto Covarell.
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Figure 6.3: J/ψ mass fitted by crystal ball and exponential function, in transverse

momentum region 4.5 < p
J/ψ
T < 5.5 GeV/c and rapidity region |yJ/ψ| < 1.2 (left),

1.2 < |yJ/ψ| < 1.6 (middle) and 1.6 < |yJ/ψ| < 2.4 (right). Small plots at bottom

are pull, i.e. the variation between data dots and fitted curve.

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

0

50

100

150

200

250

300

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

0

50

100

150

200

250

300
 87± = 890 sigN

2 1.1 MeV/c± = 3096.8 〉 m 〈
2 0.9 MeV/c± = 27.4 σ

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

-20

-15

-10

-5

0

5

10

15

20

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

-20

-15

-10

-5

0

5

10

15

20
 probability = 0.0000002χ = 2.859989 ; 2χReduced 

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

0

20

40

60

80

100

120

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

0

20

40

60

80

100

120

 23± = 463 sigN
2 2.0 MeV/c± = 3093.7 〉 m 〈

2 1.7 MeV/c± = 35.3 σ

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

-20

-15

-10

-5

0

5

10

15

20

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

-20

-15

-10

-5

0

5

10

15

20  probability = 0.1312872χ = 1.296852 ; 2χReduced 

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

0

20

40

60

80

100

120

140

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

 )2
E

ve
nt

s 
/ (

 0
.0

25
 G

eV
/c

0

20

40

60

80

100

120

140  27± = 603 sigN
2 2.4 MeV/c± = 3094.7 〉 m 〈

2 2.2 MeV/c± = 48.4 σ

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

-20

-15

-10

-5

0

5

10

15

20

)2 mass (GeV/c-µ +µ
2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

-20

-15

-10

-5

0

5

10

15

20  probability = 0.1038922χ = 1.340852 ; 2χReduced 

Figure 6.4: J/ψ mass fitted by Crystal ball and exponential function, in transverse

momentum region 8 < p
J/ψ
T < 10 GeV/c and rapidity region |yJ/ψ| < 1.2 (left),

1.2 < |yJ/ψ| < 1.6 (middle) and 1.6 < |yJ/ψ| < 2.4 (right).
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Figure 6.5: J/ψ mass fitted by the single Gaussian (upper-left), single Crystal

ball (upper-right), double Gaussian (bottom-left) and Crystal ball plus Gaussian

(bottom-right).

6.2.1 Determination of prompt and nonprompt fraction

In J/ψ cross section study, a two-dimension fit to invariant mass and lifetime

distributions simultaneously is held. The mass component is the same as discussed

in previous section. The life time is measured as below.

First of all, cτ templates of prompt J/ψ, nonprompt one and QCD background

are generated from MC simulation, as shown in Fig. 6.8. The cτ of signals, i.e.

prompt and nonprompt J/ψ, are described by a triple Gaussian function. The cτ of
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Figure 6.6: J/ψ mass fitted by double Gaussian and polynomial function, in trans-

verse momentum region 4.5 < p
J/ψ
T < 5.5 GeV/c and rapidity region |yJ/ψ| < 1.2

(left), 1.2 < |yJ/ψ| < 1.6 (middle) and 1.6 < |yJ/ψ| < 2.4 (right).
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Figure 6.7: J/ψ mass fitted by double Gaussian and polynomial function, in trans-

verse momentum region 8 < p
J/ψ
T < 10 GeV/c and rapidity region |yJ/ψ| < 1.2

(left), 1.2 < |yJ/ψ| < 1.6 (middle) and 1.6 < |yJ/ψ| < 2.4 (right).
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background is fitted by a decay function, its resolution function is exactly the same

as signals double Gaussian function, which means the background has the same

fraction ratio as the prompt component over nonprompt one. Output parameters

in this pre-fit will be used as initial numbers in the final 2D fit, to optimized the

fitting process.
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Figure 6.8: The cτ value distributions of prompt J/ψ (left), nonprompt one (middle)

and QCD background (right) reconstructed by two global muons.

Secondly, the mass shape is pre-fitted for the J/ψ peak and the background

sideband. Also numbers from this fit will go to next step. This is similar to the

mass fit in the previous section, as shown in Fig. 6.9.

Thirdly, the cτ distribution of data in the region of J/ψ mass sideband, i.e.

outside 3σ of J/ψ mass peak, will be pre-fitted to determine the cτ parameters of

background. Also parameters in this step will be fixed for the final 2D fit. Some

examples are shown in Fig. 6.10.

Last, but the most important, the final 2D fit is held to count the numbers of

prompt and nonprompt J/ψ event. Some examples are shown in Fig. 6.11.

6.2.2 Systematic uncertainty in lifetime fit

The possible systematics in lifetime fit are listed below.
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Figure 6.9: J/ψ mass fitted by Crystal ball and exponential function, in transverse

momentum region 8 < p
J/ψ
T < 10 GeV/c and rapidity region |yJ/ψ| < 1.2 (left),

1.2 < |yJ/ψ| < 1.6 (middle) and 1.6 < |yJ/ψ| < 2.4 (right).

B-hadron lifetime

In the 2D fit, the signals, for both of prompt and nonprompt J/ψ, are treated

together. That is to say, the prompt and nonprompt J/ψ have the same possibility

density function in cτ but different fit results. Actually, the nonprompt component

has a more complex distribution and this fit is re-done with the decay function

smeared from exponential function. The difference is considered to be a systematics.

cτ resolution model

In the central value measurement, a triple Gaussian is set as the resolution of a

decay model. Alternatively, this fit is re-done by using a double Gaussian instead.

The variation of these two is a systematic error.

Misalignments in Tracker

At different periods of data collecting, the misalignment is updating from time

to time. Data will be re-reconstructed with new misalignment constants. The
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Figure 6.10: Sideband cτ value distribution fit of J/ψ candidate in region of 6.5 <

p
J/ψ
T < 8.5 GeV/c and |yJ/ψ| < 1.2 (left), 1.2 < |yJ/ψ| < 1.6 (middle) and 1.6 <

|yJ/ψ| < 2.4 (right).
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Figure 6.11: The 2D fit of mass spectrum (left), cτ value distribution in linear

coordinate (middle) and life time in logarithmic coordinate (right) reconstructed

from two global muons. Totally, 5072.39± 78.25 prompt J/ψ plus 1572.78± 52.63

nonprompt one are extracted, i.e. 23.67± 0.66% b-fraction.

change of the 2D fit from two data samples is taken as a source of uncertainties.

Primary vertex

In cτ calculation, the distance is based on the primary vertex of the whole

event, which could be biased. cτ is recalculated from the beam spot and the 2D fit

is re-done. The difference is a systematic.
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6.2 J/ψ LIFETIME FIT

Background pre-fit

Before the final 2D fit, the parameters of background component is pre-fit in

the sideband of J/ψ mass region. This sideband is chosen from ±3σ to ±5σ and

the difference of these two pre-fits gives a piece of contribution to systematics.

J/ψ efficiencies

The prompt and nonprompt J/ψ efficiencies could be different, due to their

different kinematical distributions. The variation of these two efficiencies from MC

simulation is accepted to be a systematic uncertainties.

In the end of this chapter, some comparisons of b-fraction in different experi-

ments are shown in Fig. 6.12. The b-fraction is approximately constant in a certain

pT , no matter how large the center-mass-energy is.
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Figure 6.12: b-fraction distributions in different experiments as a function of p
J/ψ
T ,

summarized by Hermine Woehri.
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Chapter 7

J/ψ cross section measurement

The J/ψ cross section is calculated as a double differential one,

d2σJ/ψ
dpTdy

·Br(J/ψ → µ+µ−) =
N
J/ψ
corrected

∆pT∆yL
(7.1)

where L is the integrated luminosity, Ncorrected is the corrected J/ψ yields in a

given transverse momentum and rapidity bin, ∆pT (∆y) is the size of transverse

momentum (rapidity) bin and Br(J/ψ → µ+µ−) is the branch ratio of the J/ψ

decaying into two muons.

7.1 Inclusive J/ψ cross section

Based on the 314nb−1 data collected by CMS up to September 2010, the inclu-

sive J/ψ cross section is calculated to be,

251.4± 3.6(stat)± 29.9(syst)± 27.6(lumi) nb

For the J/ψ meson in region of 4.5 < p
J/ψ
T < 30GeV/c and |yJ/ψ| < 2.4, where

the systematic uncertainty is mainly from statistical precision of TnP in the muon

efficiency measurement from experimental data. The systematic uncertainty from

luminosity is the standard number (11%) in the early CMS analysis.



7.2 PROMPT AND NONPROMPT J/ψ CROSS SECTIONS

For each transverse momentum and rapidity bin, the cross section is measured

and shown in Fig. 7.1. And the value of each point shown in Table. 8.4 in Appendix

E.
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Figure 7.1: The inclusive J/ψ cross section as a function of p
J/ψ
T in three rapidity

bins.

7.2 Prompt and nonprompt J/ψ cross sections

After the mass-lifetime 2D fit, the number of prompt and nonprompt J/ψ

events could be calculated and their cross sections are shown in Figs. 7.2 and 7.3.

These two plots are approved by CMS collaboration and published in Ref. [61].

Here, some theoretical predictions are also plotted on the same plots, e.g. the

Pythia[63] generator and CASCADE[64] one. Also the CEM (Color Evaporation
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Figure 7.2: The prompt J/ψ cross section as a function of p
J/ψ
T in three rapidity

bins, compared with some theoretical models.
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Figure 7.3: The nonprompt J/ψ cross section as a function of p
J/ψ
T in three rapidity

bins, compared with some theoretical models.

Model) prediction for the prompt J/ψ and the FNOLL [65] framework for non-

prompt. The agreement of theoretical model and experimental data is found, except

Pythia is two times higher.
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Chapter 8

Conclusion and forecast

In this thesis, the J/ψ cross section in CMS is measured to be 251.4±3.6(stat)±

29.9(syst) ± 27.6(lumi) nb, with good agreement to the theoretical model predic-

tions. The systematic uncertainty is also controlled at a relatively low level.

With the increasing of LHC luminosity, about 40pb−1 data is now available till

the end of 2010. Further measurements on both of J/ψ and ψ(2S) cross sections

are carried with the pT extending to 70 GeV/c. This will report in another paper.

As well as the polarization study is on going by other groups. Measurements on

cross section and polarization will help to understand the production mechanism of

the heavy quarkonia in hadronic collision.
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Appendix

A Acronyms and abbreviations

ALICE A Large Ion Collider Experiment

AOD Analysis Object Data

APE Alignment Position Error

ATLAS A Toroidal LHC ApparatuS

BES BEijing Spectrometer

BPH B-PHysics group

CSC Cathode Strip Chamber

CDF Collider Detector at Fermilab

CERN Conseil Européen pour la Recherche Nucléaire

c.m. center-of-mass frame

CMS Compact Muon Solenoid

CMSSW CMS SoftWare

CEM Color Evaporation Model

CLEO Cornell’s Largest Experimental

COM Color Octet Mechanism

CRAB CMS Remote Analysis Builder

CSM Color Singlet Model

CS Collins-Soper frame



A ACRONYMS AND ABBREVIATIONS

CTF Combinatorial Track Finder

DT Drift Tube

EB ECAL Barrel

EDM Event Data Model

EE ECAL Endcap

EGEE Enabling Grids for E-sciencE

ES PrEShower detector

ECAL Electromagnetic CALorimeter

FNAL Fermi National Accelerator Laboratory (Fermilab)

GT Global Trigger

HCAL Hadron CALorimeter

HB HCAL Barrel

HE HCAL Endcaps

HF HCAL Forward

HLT Higher Level Trigger

HO Outer barrel Hadron calorimeter

HX Helicity frame

LAS Laser Alignment System

LCG LHC Computing Grid

LDME Lang Distance Matrix Element

LEP Large Electron - Positron (collider)

LHC Large Hadron Collider

LHCb LHC-beauty

LHCf LHC-forward

LINAC LINear ACcelerator at CERN
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Appendix

LO Leading Order

MB Muon Barrel

MC Monte Carlo

ME Muon Endcaps

MTCC Magnet Test and Cosmic Challenge

NLO Next-to-Leading Order

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

NRQCD Non Relativistic Quantum ChromoDynamics

NuSea Nucleonic Sea experiment

PDF Parton Distribution Functions

PDG Particle Data Group

pQCD perturbative Quantum ChromoDynamics

POG Physics Object Groups

PS Proton Synchrotron

PSB Proton Synchrotron Booster

QCD Quantum ChromoDynamics

QED Quantum ElectroDynamics

QWG Quarkonium Working Group

RPC Resistive Plate Chamber

SM Standard Model

SPS Super Proton Synchrotron

SST Silicon Strip Tracker

TIB Tracker Inner Barrel

TID Tracker Inner Disks

TOB Tracker Outer Barrel
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A ACRONYMS AND ABBREVIATIONS

TEC Tracker End Caps

TnP Tag and Prob methodology

TOTEM TOTal Elastic and diffractive cross section

Measurement

TriDAS CMS Trigger and Data Acquisition System

TSG Trigger Study Group

VPT Vacuum Photo Triodes
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Appendix

B J/ψ mass fit in crystal ball function

Here the J/ψ mass, fitted by the Crystal ball function for the signal (both of

prompt and nonprompt J/ψ events) and exponential function for the QCD back-

ground, are plotted in each pT and y bin. The number of fitted signal events are

printed in the legend of each plot, as well as the mean value and resolution. The

bin size value and number of J/ψ yields are summarized in Table 8.1.
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Figure 8.1: J/ψ mass fitted by the Crystal Ball plus Gaussian and exponential

function, in the rapidity region |yJ/ψ| < 1.2 for all transverse momentum regions in

Table 8.1. Small plots lower are pull, i.e. the variation between data dots and fitted

curve.
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Figure 8.2: J/ψ mass fitted in the rapidity region 1.2 < |yJ/ψ| < 1.6 for all transverse

momentum regions in Table 8.1. Other explanations are the same as Fig. 8.1.
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Figure 8.3: J/ψ mass fitted in the rapidity region 1.6 < |yJ/ψ| < 2.4 for the first

9 transverse momentum regions in Table 8.1. Other explanations are the same as

Fig. 8.1.
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Figure 8.4: J/ψ mass fitted in the rapidity region 1.6 < |yJ/ψ| < 2.4 for the last

11 transverse momentum regions in Table 8.1. Other explanations are the same as

Fig. 8.1.
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Appendix

Table 8.1: J/ψ yield in each bin, from Ref. [61], which is approved by CMS collab-

oration, instead of my own analysis.

p
J/ψ
T (GeV/c) Yield p

J/ψ
T (GeV/c) Yield

1.6 < |yJ/ψ| < 2.4

|yJ/ψ| < 1.2
0.00-0.50 675.6± 40.7

0.50-0.75 829.3± 44.7

4.5-5.5 298.7± 19.3 0.75-1.00 1006.0± 48.8

5.5-6.5 348.7± 20.7 1.00-1.25 1216.8± 52.8

6.5-8.0 726.5± 28.3 1.25-1.50 1232.9± 53.7

8.0-10.0 868.1± 30.7 1.50-1.75 1252.9± 50.3

10.0-12.0 513.2± 23.5 1.75-2.00 1132.7± 57.5

12.0-30.0 636.0± 26.1 2.00-2.25 1122.7± 55.0

1.2 < |yJ/ψ| < 1.6
2.25-2.50 899.9± 39.4

2.50-2.75 903.3± 72.4

2.0-3.5 414.9± 38.0 2.75-3.00 757.6± 36.2

3.5-4.5 401.7± 23.2 3.00-3.25 756.1± 35.7

4.5-5.5 618.9± 28.9 3.25-3.50 703.6± 33.6

5.5-6.5 690.9± 34.0 3.50-4.00 1150.2± 40.0

6.5-8.0 712.0± 28.0 4.00-4.50 991.8± 35.8

8.0-10.0 463.7± 23.3 4.50-5.50 1441.4± 42.6

10.0-30.0 406.2± 22.4 5.50-6.50 993.0± 34.7

6.50-8.00 900.6± 35.1

8.00-10.00 604.3± 26.8

10.00-30.00 462.6± 23.6
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C J/ψ MASS FIT IN DOUBLE GAUSSIAN

C J/ψ mass fit in double Gaussian

The J/ψ mass is re-fitted by the double Gaussian as a signal PDF and poly-

nomial function for the background. The difference between these two parts of fit

are systematic uncertainties.
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Figure 8.5: J/ψ mass fitted by the double Gaussian and exponential function,

in the rapidity region |yJ/ψ| < 1.2 for all transverse momentum regions. Other

explanations are the same as Fig. 8.1.
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Figure 8.6: J/ψ mass fitted in the rapidity region 1.2 < |yJ/ψ| < 1.6 for all transverse

momentum regions. Other explanations are the same as Fig. 8.1.
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Figure 8.7: J/ψ mass fitted in the rapidity region 1.6 < |yJ/ψ| < 2.4 for the first 9

transverse momentum regions. Other explanations are the same as Fig. 8.1.
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Figure 8.8: J/ψ mass fitted in the rapidity region 1.6 < |yJ/ψ| < 2.4 for the last 11

transverse momentum regions. Other explanations are the same as Fig. 8.1.
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D J/ψ lifetime fit

Here the J/ψ lifetime in each pT and y bin is fitted. The plots at left are the

mass components of the 2D mass-lifetime fit, middle ones are the lifetime of the

2D mass-lifetime fit in linear scale and the right plots are the lifetime of the 2D

mass-lifetime fit in logarithmic scale.
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Figure 8.9: J/ψ mass-lifetime 2D fitted in transverse momentum of 4.5 < p
J/ψ
T <

5.5 GeV/c (upper) and 5.5 < p
J/ψ
T < 6.5 GeV/c (bottom), both are in rapidity of

|yJ/ψ| < 1.2.
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Table 8.2: The b-fraction in each bin.

p
J/ψ
T (GeV/c) B-fraction p

J/ψ
T (GeV/c) b-fraction

1.6 < |yJ/ψ| < 2.4

|yJ/ψ| < 1.2
0.00-0.50 13.7± 3.5%

0.50-0.75 1.1± 3.1%

4.5-5.5 10.6± 3.0% 0.75-1.00 1.2± 5.4%

5.5-6.5 18.4± 2.8% 1.00-1.25 9.6± 2.1%

6.5-8.0 20.7± 1.8% 1.25-1.50 9.5± 2.0%

8.0-10.0 29.8± 1.7% 1.50-1.75 8.1± 1.8%

10.0-12.0 36.0± 2.3% 1.75-2.00 8.7± 1.7%

12.0-30.0 43.2± 2.0% 2.00-2.25 6.1± 1.7%

1.2 < |yJ/ψ| < 1.6
2.25-2.50 3.7± 1.8%

2.50-2.75 11.3± 1.9%

2.0-3.5 9.3± 2.7% 2.75-3.00 11.2± 2.0%

3.5-4.5 2.4± 9.4% 3.00-3.25 9.3± 1.8%

4.5-5.5 13.5± 2.0% 3.25-3.50 14.7± 2.1%

5.5-6.5 17.4± 2.0% 3.50-4.00 10.0± 1.5%

6.5-8.0 18.7± 1.9% 4.00-4.50 16.3± 1.7%

8.0-10.0 18.0± 2.3% 4.50-5.50 17.6± 1.4%

10.0-30.0 34.4± 2.7% 5.50-6.50 16.0± 1.5%

6.50-8.00 22.3± 1.8%

8.00-10.00 25.4± 2.1%

10.00-30.00 38.0± 2.6%
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Figure 8.10: J/ψ mass-lifetime 2D fitted in 6.5 < p
J/ψ
T < 8.0 GeV/c (upper) and

8.0 < p
J/ψ
T < 10.0 GeV/c (bottom), and the rapidity region is |yJ/ψ| < 1.2.
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Figure 8.11: J/ψ mass-lifetime 2D fitted in 10.0 < p
J/ψ
T < 12.0 GeV/c (upper) and

12.0 < p
J/ψ
T < 30.0 GeV/c (bottom), and the rapidity region is |yJ/ψ| < 1.2.
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Figure 8.12: J/ψ mass-lifetime 2D fitted in 2.0 < p
J/ψ
T < 3.5 GeV/c (upper) and

3.5 < p
J/ψ
T < 4.5 GeV/c (bottom), and the rapidity region is 1.2 < |yJ/ψ| < 1.6.
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Figure 8.13: J/ψ mass-lifetime 2D fitted in 4.5 < p
J/ψ
T < 5.5 GeV/c (upper) and

5.5 < p
J/ψ
T < 6.5 GeV/c (bottom), and the rapidity region is 1.2 < |yJ/ψ| < 1.6.
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Figure 8.14: J/ψ mass-lifetime 2D fitted in 6.5 < p
J/ψ
T < 8.0 GeV/c (upper),

8.0 < p
J/ψ
T < 10.0 GeV/c (middle) and 10.0 < p

J/ψ
T < 30.0 GeV/c (bottom), and

the rapidity region is 1.2 < |yJ/ψ| < 1.6.
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Figure 8.15: J/ψ mass-lifetime 2D fitted in p
J/ψ
T < 0.50 GeV/c (upper), 0.50 <

p
J/ψ
T < 0.75 GeV/c (middle) and 0.75 < p

J/ψ
T < 1.00 GeV/c (bottom), and the

rapidity region is 1.6 < |yJ/ψ| < 2.4.
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Figure 8.16: J/ψ mass-lifetime 2D fitted in 1.00 < p
J/ψ
T < 1.25 GeV/c (upper),

1.25 < p
J/ψ
T < 1.50 GeV/c (middle) and 1.50 < p

J/ψ
T < 1.75 GeV/c (bottom), and

the rapidity region is 1.6 < |yJ/ψ| < 2.4.
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Figure 8.17: J/ψ mass-lifetime 2D fitted in 1.75 < p
J/ψ
T < 2.00 GeV/c (upper),

2.00 < p
J/ψ
T < 2.25 GeV/c (middle) and 2.25 < p

J/ψ
T < 2.50 GeV/c (bottom), and

the rapidity region is 1.6 < |yJ/ψ| < 2.4.
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Figure 8.18: J/ψ mass-lifetime 2D fitted in 2.50 < p
J/ψ
T < 2.75 GeV/c (upper),

2.75 < p
J/ψ
T < 3.00 GeV/c (middle) and 3.00 < p

J/ψ
T < 3.25 GeV/c (bottom), and

the rapidity region is 1.6 < |yJ/ψ| < 2.4.
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Figure 8.19: J/ψ mass-lifetime 2D fitted in 3.25 < p
J/ψ
T < 3.50 GeV/c (upper),

3.50 < p
J/ψ
T < 4.00 GeV/c (middle) and 4.00 < p

J/ψ
T < 4.50 GeV/c (bottom), and

the rapidity region is 1.6 < |yJ/ψ| < 2.4.
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Figure 8.20: J/ψ mass-lifetime 2D fitted in 4.50 < p
J/ψ
T < 5.50 GeV/c (upper),

5.50 < p
J/ψ
T < 6.50 GeV/c (middle) and 6.50 < p

J/ψ
T < 8.00 GeV/c (bottom), and

the rapidity region is 1.6 < |yJ/ψ| < 2.4.
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Figure 8.21: J/ψ mass-lifetime 2D fitted in 8.00 < p
J/ψ
T < 10.00 GeV/c (upper) and

10.00 < p
J/ψ
T < 30.00 GeV/c (bottom), and the rapidity region is 1.6 < |yJ/ψ| < 2.4.
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Table 8.3: The B-fraction in each bin from Ref. [61], approved by CMS collaboration.

The B-fraction column shows the statistical and systematic errors.

p
J/ψ
T (GeV/c) B-fraction p

J/ψ
T (GeV/c) B-fraction

|yJ/ψ| < 1.2 1.6 < |yJ/ψ| < 2.4

4.5-6.5 18.1± 2.4± 1.5% 0.00-1.25 5.7± 2.1± 4.2%

6.5-10.0 26.1± 1.5± 1.4% 1.25-2.00 8.7± 1.4± 2.2%

10.0-30.0 40.5± 1.8± 0.5% 2.00-2.75 11.3± 1.3± 2.0%

1.2 < |yJ/ψ| < 1.6 2.75-3.50 13.8± 1.4± 0.9%

2.0-4.5 14.7± 2.1± 2.8% 3.50-4.50 16.0± 1.4± 1.3%

4.5-6.5 17.8± 1.7± 1.9% 4.50-6.50 17.3± 1.2± 1.2%

6.5-10.0 20.4± 1.7± 0.4% 6.50-10.00 23.3± 1.6± 1.2%

10.0-30.0 36.3± 3.1± 1.6% 10.00-30.00 37.7± 3.1± 0.8%
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E J/ψ cross section parameters

Each factor in J/ψ cross section measurement is listed in Table. 8.4.

Table 8.4: The J/ψ cross section parameters and the final inclusive cross section in

each bin.

p
J/ψ
T (GeV/c) Yield < 1/(Aϵ) >−1 d2σ

dpT dy
[nb/(GeV · c−1)]

|yJ/ψ| < 1.2

4.5-5.5 299± 19 0.027± 0.003 14.7± 2.11

5.5-6.5 347± 20 0.048± 0.003 9.56± 1.38

6.5-8.0 725± 28 0.084± 0.004 7.63± 0.57

8.0-10.0 890± 87 0.178± 0.005 3.23± 0.19

10.0-12.0 513± 23 0.288± 0.008 1.186± 0.077

12.0-30.0 635± 26 0.405± 0.008 0.1157± 0.0062

1.2 < |yJ/ψ| < 1.6

2.0-3.5 398± 26 0.016± 0.002 68.8± 12.9

3.5-4.5 417± 33 0.035± 0.004 46.1± 4.87

4.5-5.5 615± 28 0.086± 0.004 28.6± 2.61

5.5-6.5 691± 34 0.167± 0.005 16.5± 1.10

6.5-8.0 711± 28 0.247± 0.006 7.64± 0.38

8.0-10.0 463± 23 0.334± 0.009 2.76± 0.17

10.0-30.0 406± 22 0.445± 0.013 0.181± 0.012
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Table 8.5: Refer to Table 8.4, continued.

p
J/ψ
T (GeV/c) Yield < 1/(Aϵ) >−1 d2σ

dpT dy
[nb/(GeV · c−1)]

1.2 < |yJ/ψ| < 1.6

0.00-0.50 672± 44 0.075± 0.006 36.8± 4.9

0.50-0.75 744± 43 0.079± 0.007 83.2± 13.0

0.75-1.00 951± 48 0.078± 0.007 102.2± 13.6

1.00-1.25 1182± 46 0.079± 0.007 121.9± 17.1

1.25-1.50 1174± 59 0.077± 0.006 127.6± 17.2

1.50-1.75 1264± 62 0.075± 0.007 132.5± 17.1

1.75-2.00 1075± 46 0.074± 0.007 121.9± 13.3

2.00-2.25 1131± 133 0.071± 0.009 125.1± 14.0

2.25-2.50 892± 40 0.074± 0.008 96.3± 10.1

2.50-2.75 904± 68 0.075± 0.007 96.4± 10.7

2.75-3.00 756± 36 0.077± 0.007 77.9± 7.47

3.00-3.25 755± 34 0.082± 0.009 73.7± 6.86

3.25-3.50 702± 32 0.084± 0.007 66.7± 5.84

3.50-4.00 1152± 53 0.092± 0.007 49.6± 4.80

4.00-4.50 980± 36 0.100± 0.007 39.7± 2.91

4.50-5.50 1420± 43 0.117± 0.007 24.5± 2.02

5.50-6.50 991± 35 0.157± 0.010 12.6± 1.00

6.50-8.00 914± 47 0.193± 0.009 6.195± 0.382

8.00-10.00 603± 27 0.250± 0.012 2.41± 0.148

10.00-30.00 474± 31 0.309± 0.015 0.149± 0.013
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