


MEASUREMENT OF THE CROSS SECTION RATIO σ(χC2)/σ(χC1) FOR PROMPT χC

PRODUCTION WITH CMS EXPERIMENT

A THESIS SUBMITTED TO

THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

OF

MIDDLE EAST TECHNICAL UNIVERSITY

BY

ILINA V. AKIN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR

THE DEGREE OF DOCTOR OF PHILOSOPHY

IN

PHYSICS

SEPTEMBER 2012



Approval of the thesis:

MEASUREMENT OF THE CROSS SECTION RATIO σ(χC2)/σ(χC1) FOR PROMPT χC

PRODUCTION WITH CMS EXPERIMENT

submitted by ILINA V. AKIN in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Physics Department, Middle East Technical University by,

Prof. Dr. Canan Özgen
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ABSTRACT

MEASUREMENT OF THE CROSS SECTION RATIO σ(χC2)/σ(χC1) FOR PROMPT χC

PRODUCTION WITH CMS EXPERIMENT

Akin, Ilina Vasileva

Ph.D., Department of Physics

Supervisor : Prof. Dr. Mehmet Zeyrek

September 2012, 121 pages

The prompt production of χc quarkonia is studied in proton-proton collisions at 7 TeV, using

data collected by CMS in 2011 corresponding to an integrated luminosity of 4.6 fb−1. The

χc mesons are reconstructed through their radiative decays to J/ψ and photon with J/ψ→

µ+µ−. The photons are reconstructed through their conversion in electron-positron pairs in

the tracking detector which gives a mass resolution sufficient for resolving these states. The

ratio of the prompt production cross sections for the χc1 and χc2 states, σ(χc2)/σ(χc1), has

been determined as a function of the J/ψ transverse momentum between 7 and 25 GeV/c.

Keywords: CMS, physics, QCD, quarkonium
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ÖZ

CMS DENEYİNDE ANLIK CHİC ÜRETİMİNDE σ(χC2)/σ(χC1) TESİR KESİT ORANI

ÖLÇÜMÜ

Akin, Ilina Vasileva

Doktora, Fizik Bölümü

Tez Yöneticisi : Prof. Dr. Mehmet Zeyrek

Eylül 2012, 121 sayfa

Chic quarkonia’ların 7 TeV’lik proton-proton çarpışmalarındaki anlık üretimi CMS deneyi

tarafından 2011 yılında toplanmış 4.6 fb−1’lık veri kullanılarak çalışılmıştır. Chic mezonları

J/ψ ve fotona olan ışınımsal bozunmalarından (J/ψ→ µ+µ−) geri oluşturulmuştur. Foton-

lar bu halleri ayrıştırmak için yeterli kütle çözünürlüğünü sağlayacak şekilde, iz algıcında

gerçekleşen elektron-pozitron çiftlerine dönüşümü aracılığıyla geri-oluşturulmuştur. Chic1

and chic2 (χc1 and χc2) hallerinin anlık üretim tesir kesitlerinin oranı, σ(χc2)/σ(χc1), J/ψ’nin

7 - 25 GeV/c arası transvers momentumunun fonksiyonu olarak belirlenmiştir.

Anahtar Kelimeler: CMS, fizik, QCD, quarkonium
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CHAPTER 1

Introduction

In this thesis, we measure the ratio of production cross sections of two excited charmonia

states, χc1 and χc2, as a function of transverse momentum pT of J/ψ. For this measurement,

we use the CMS experiment [1] at the Large Hadron Collider (LHC) [2] where two proton

beams collide at a center of mass energy of 7 TeV.

The measurement of the production ratio of σ(χc2)/σ(χc1) can bring new knowledge to our

understanding of the theory of strong interaction, Quantum Chromodynamics [3]. Several

theoretical models describe the production mechanism of quarkonium but there exists a dis-

crepancy between their predictions and experimental results. Hence, the mechanism underly-

ing the production of quarkonium remains a mystery.

Recent measurements of the production ratio of σ(χc2)/σ(χc1) for different pT (J/ψ) ranges

have been performed by LHCb [4] and CDF [5]. The CDF Collaboration reported a value

of σ(χc2)/σ(χc1) = 0.75±0.03(stat)±0.03(syst) for pT (J/ψ) in [4.0−20.0] GeV/c and pseu-

dorapidity range |η(J/ψ)| < 1. The LHCb collaboration measured σ(χc2)/σ(χc1) for pT (J/ψ)

in [2.0− 15.0] GeV/c and rapidity range 2.0 < y(J/ψ) < 4.5. For pT (J/ψ) > 8 GeV/c both

measurements tend to favor Non-Relativistic QCD (NRQCD) [12] factorization which is a

theoretical model largely accepted to best describe quarkonium production and decay. At low

pT (J/ψ) both CDF and LHCb observe a discrepancy with NRQCD.

With the current measurement, we improve the sensitivity to theoretical models by extending

the J/ψ pT spectrum beyond the spectra measured by CDF and LHCb. The measurement

of the ratio of cross sections, σ(χc2)/σ(χc1), is very effective in testing theoretical models

because many experimental uncertainties cancel out.
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In the CMS detector, χc mesons are reconstructed through their decays into a J/ψ and a

photon. The J/ψ are reconstructed with two oppositely charged muons, J/ψ→ µ+µ−, and

photons are reconstructed through conversions, γ→ e+e−.

The thesis is organized as follows. In Chapter 2 we discuss the nature of the binding of the

quarks inside hadrons by reviewing the theory of strong interaction, Quantum Chromodynam-

ics in its perturbative and non-perturbative regimes. Then we discuss several quarkonium pro-

duction models. Chapter 3 gives an overview of the CMS detector and its main components.

In our focus are the tracker and the muon chambers where the detection and identification of

converted photons and muons occur. We briefly describe the data flow, from the detection

with the CMS detector to the final usage for different CMS analyses. Chapter 4 describes the

measurement of the ratio of production cross sections of χc1 and χc2 and compares the results

with existing theoretical calculations. The drawn conclusions are discussed in Chapter 5.
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CHAPTER 2

Theory

2.1 Standard Model

The known matter in our universe consists of quarks and leptons and their properties are

summarized in Table 2.1. The quarks and leptons are grouped in three generations. The first

generation contains the most stable particles which make most of the observed matter in the

universe, while the second and the third generations contain particles which decay to the lower

generation of particles.

The interactions among quarks and leptons occur via exchange of another type of particles

named bosons, see Table 2.2. The quarks and leptons have spin-1/2 while bosons are spin-1

particles. There are four fundamental interactions: strong, weak, electromagnetic and grav-

itational. Each of the interactions has different strength and range of influence. Leptons

participate in gravitational, electromagnetic and weak interactions. Quarks on the other hand

can participate in all four interactions.

The theory which describes the strong interaction between quarks and gluons is Quantum

Chromodynamics (QCD) and it will be described in the following sections.

2.2 Quantum Chromodynamics

The interaction between quarks and gluons is explained by QCD. Both quarks and gluons

have color charge which can have three degrees of freedom: red, blue and green. The quarks

can have one of the three color degrees of freedom. In nature, however, there exist only

color neutral states of quark configurations: qq̄ (mesons) and qqq (baryons) and they are both
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Table 2.1: Quarks and leptons properties. Every particle in the table has a corresponding

antiparticle with opposite charge. According to the Standard Model, the neutrino masses are

equal to zero. Observed neutrino oscillation suggests that the neutrinos have mass and their

experimental values are reported in the table.

Leptons

Generation Name Symbol Electric charge Mass [MeV/c2]

First generation
Electron e− −1 0.511

Electron neutrino νe 0 < 0.000225

Second generation
Muon µ− −1 105.658

Muon neutrino νµ 0 < 0.19

Third generation
Tau τ− −1 1776.82

Tau neutrino ντ 0 < 18.2

Quarks

Generation Name Symbol Electric charge Mass [MeV/c2]

First generation
Up u +2/3 1.8−3.0

Down d −1/3 4.5−5.5

Second generation
Charm c +2/3 1250−1300

Strange s −1/3 90−100

Third generation
Top t +2/3 172100−174900

Bottom b −1/3 4150−4210

referred to as hadrons. The gluons are colorful objects and they are mixtures of two colors

such as red and antiblue. There are eight types of them. Gluons in color neutral state do not

exist.

Due to the exchange of gluons, quarks are confined inside hadrons. By increasing the dis-

tance between the quarks in the hadrons, the coupling between them increases and the quark

interaction becomes stronger. At small distances between quarks the coupling is small, the

interaction is weak and quarks are loosely bound inside the hadrons. They behave as free

particles which is a feature known as asymptotic freedom.

Today QCD can not calculate simultaneously the interactions at small and large interquark

distances. The two regimes of interactions are separately treated by two different methods:

perturbative and non-perturbative QCD.
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Table 2.2: Boson properties.

Name Force Electric charge Mass [GeV/c2]

Symbol Range (m) Color charge Strength

Photon Electromagnetic 0 0

γ ∞ 0 α = 1/137

Gluon Strong 0 0

g 10−15 8 colored gluons αs ∼ 1, at high energies αs→ 0

Z boson Weak 0 91.187

Z0 10−18 0 αZ = 10−6

W boson Weak ±1 80.399

W± 10−18 0 αW = 10−6

2.3 Quarkonium bound states

Quarkonium is a meson which consists of a heavy quark (c or b quark) and its antiquark

which are bound by exchange of gluons. Depending on quantum numbers J (total angular

momentum), P (parity) and C (charge conjugation), there exist different quarkonium states,

which are characterized by specific momentum and binding energy of the quark pair. The

total spin, S , of quarkonium is a sum of the spins of the quark and the antiquark, S = S 1+S 2.

The total angular momentum of quarkonium is a sum of its total spin and its orbital angular

momentum, L, J = S +L.

Quarkonium states are usually denoted by n2S+1LJ , where n is the radial quantum number,

L = 0 is labeled by the letter S , L = 1 by P and L = 2 by D. They can be also classified by

JPC , where P = (−1)L+1 is parity and C = (−1)L+S is charge conjugation.

If a quarkonium is a combination of a charm quark and its antiquark, cc̄, it is called charmo-

nium. The charmonium spectrum is given in Figure 2.1 and shows cc̄ states with different

quantum numbers below the threshold to produce two charmed mesons.

In quarkonium systems, the kinetic energy mv2 and momentum mv of the heavy quarks are

smaller than their masses m. This implies that the velocities v of the quarks in the qq̄ system

are non-relativistic, v/c≪ 1, where c is the speed of light. As a result the time scale associated

with the momentum of the binding gluons is smaller than the time scale of the heavy quark

motion, 1/mv < 1/mv2. This leads to the conclusion that interaction between heavy quarks is

instantaneous and can be modeled with a potential.
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Figure 2.1: Charmonium spectrum.

A lot of studies have been done to find appropriate form of the binding potential. Coulomb

like potential at short distance r ≃ 0.1 fm plus linearly increasing potential at long distance

r ∼ 1 fm

V(r) = −4

3

αs

r
+σ · r (2.1)

give good prediction for quarkonium spectrum in Figure 2.1. The expression in Equation 2.1

is also known as Cornell potential. The string tension, σ ≃ 2 GeV2, reflects the strength of

quark-antiquark confinement, αs is the coupling constant between quarks and gluons and r is

the distance between the quarks.

A typical distance between heavy quarks in quarkonium is of order 0.1÷1.0 fm. At interme-

diate and large interquark distances there are uncertainties in the potential in Equation 2.1. It

is known that at these distances the basic characteristics of quarkonium are formed. In order

to correct for these uncertainties relativistic corrections to the potential need to be included.

It has been estimated that these corrections may have contribution of order 20÷30% [6, 7].

The potential as defined in Equation 2.1 is used to determine the quarkonium energy spectrum

by solving Schrodinger equation. This approach proved to be very successful in describing

different quarkonium states and their properties but has the disadvantage that it can not be

derived from the theory of strong interaction, QCD.

To overcome this problem effective theories for heavy quarkonium systems based on QCD
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have been developed. In Sections 2.4 and 2.5 we describe perturbative and non-perturbative

QCD theory methods which are applicable respectively at short and long interquark distances

in mesons and baryons. We will also describe early and more recent quarkonium production

models which have been developed last years.

2.4 Perturbative QCD

Perturbative QCD considers quarks as free particles at short distances. The tools used for

perturbative calculations also known as Feynman rules are derived from the QCD Lagrangian

density

LQCD = −
1

4
Fa
µνF

µν
a + i

n f
∑

q=1

ψ̄i
qγ

µ(Dµ)i jψ
j
q−

n f
∑

q=1

mqψ̄
i
qψ

i
q. (2.2)

Equation 2.2 describes the interaction of quark fields ψ
j
q of mass mq with massless gluons. The

sums in Equation 2.2 run over different flavor of quarks n f = u,d, s,c,b, t. The field strength

tensor Fa
µν is derived from the gluon field Aµ

Fµν = ∂µAν−∂νAµ+ ig[Aµ,Aν]. (2.3)

Equation 2.3 runs over eight color degrees of freedom of the gluon field Aµ where g is the

coupling constant. The covariant derivative Dµ in Equation 2.2 acts on triplet quark and octet

gluon fields and it is given by

D
i j
µ = δi j∂µ+ ig

λa
i j

2
Aa
µ (2.4)

where λa are fundamental representations of S U(3) color group. More information on QCD

can be found at [3].

The QCD coupling constant, g, can be redefined as αs =
g2

4π and Figure 2.2 shows the change

of αs with energy µ. The energy dependence of αs is given to first order by
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Figure 2.2: QCD coupling constant [8].

αs(µ
2) =

1

b
ln(µ2/Λ2

QCD) (2.5)

where b =
(33−2n f )

12π and n f is the number of different flavor of quarks.

If we calculate the quarkonium spectrum with Equation 2.2 using a perturbative expansion

in αs [9], we do not have a match with experimental measurements. At ΛQCD ∼ 200 MeV,

which is the scale of binding of quarks and antiquarks, the coupling constant αs becomes large

and perturbation theory can not be used for accurate calculations. Therefore non-perturbative

formulation of the QCD Lagrangian have to be used to determine the interactions among

quarks and gluons at low energies.

There exist different non-perturbative methods which explain these interactions as well as the

process of hadron formation. Some of these methods are QCD sum rules [10, 11], lattice

QCD [3] and effective QCD theories such as Non-Relativistic QCD (NRQCD) [12] and po-

tential Non-Relativistic QCD (pNRQCD) [13]. Nowadays, NRQCD and pNRQCD are con-

sidered as standard tools to describe quarkonium production and decay and we will introduce

them in the next sections.
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2.5 Non-perturbative QCD

In quarkonium systems, there are several momentum scales which are important for analyzing

the dynamics of interaction between quarks and antiquarks. These scales are the mass m of the

heavy quark, its momentum mv and its kinetic energy mv2. Another important scale isΛQCD ∼

200 MeV. At this scale non-pertubative effects between quarks start to play role. The hierarchy

of scales for the charmonium ground state is m > mv > mv2 > ΛQCD and their approximate

values are given in Table 2.3 where the average charm quark velocity v2 in charmonium is

about 0.25.

Table 2.3: Scales in charmonium system [14]. The velocity v is given with respect to the

speed of light.

Scale m mv mv2 v2

Values 1.5 GeV 750 MeV 400 MeV 0.25

Processes that happen at scale m play a small role in the binding of quarkonia. The coupling

constant at this scale is αs(m) ≈ 0.25 and therefore it is allowed to describe the interaction

processes in perturbative QCD. The scales of order mv and mv2 are not accessible to pertur-

bation theory. In general, at these scales non-perturbative effects start to play role and binding

of quarks and antiquarks occurs.

The effective field theories appropriate for a system with two heavy quarks are NRQCD and

pNRQCD. The main idea behind these theories is introducing a cut off scale Λ below which

the effective field theory fully describes observed physical phenomena. NRQCD is obtained

from QCD by integrating out the momentum scale m, while pNRQCD is obtained from QCD

by integrating out the momentum scales m and mv. The advantage of using effective field the-

ories is that the perturbative and non-perturbative contributions are separated which is easier

for computational studies. Perturbative contributions are calculated independently for each

process. Non-perturbative contributions can be used in one process after being determined

from another process.

NRQCD

Non-Relativistic QCD was proposed by Caswell and Lepage [12] in 1986 and developed

by Bodwin, Braaten and Lepage [15] and Luke and Manohar [16]. It is the first attempt to
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systematically study heavy quark bound states in the formalism of QCD. The NRQCD is an

effective field theory which describes heavy quarks and gluons with energy and momentum

less than a certain cut off scale Λ, where m > Λ > mv.

The NRQCD formalism has been applied to study spectroscopy, decay and production of

quarkonium [3]. The NRQCD predictions for quarkonium spectroscopy and decay are well

understood but the same predictions for production do not agree very well with experimental

results.

Potential NRQCD

The effective theory, NRQCD, is not yet a satisfactory theory because no separation of non-

relativistic fluctuations below scale m is carried out. The effective theory, pNRQCD, is more

complicated than NRQCD because it is based on separation of non-relativistic fluctuations in

every momentum region, m > mv > mv2 > ΛQCD.

The effective theory, pNRQCD, was proposed by Pineda and Soto in 1998 [13]. In pNRQCD

quarks and gluons with momenta more than m and mv are integrated out and the cut off scale

Λ is such that mv > Λ > mv2 > ΛQCD.

The pNRQCD formalism has been successfully applied to study quarkonium spectra and

decays [3]. The same formalism for quarkonium production does not exist.

2.6 Quarkonium production models

2.6.1 Early production models

Color-Singlet Model

Color-Singlel Model (CSM) was the first model proposed to describe the production mecha-

nism of quarkonium. It assumes that the qq̄ pair is produced as a color singlet object with a

small relative momentum and immune to long range strong interactions with other final state

particles. During the binding, the color and spin of qq̄ pair do not change. The model also

assumes that qq̄ state produced in color octet state (state that do not have the color and angular

momentum of the final quarkonium) never form quarkonium.
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In models which will be described later, the qq̄ pair can be produced in a color octet state.

Later gluons can be emitted from the quark q or antiquark q̄, changing the color and angular

momentum of the color octet qq̄ pair into color singlet quarkonium.

Many papers based on calculations using CSM [17, 18, 19, 20] exist. The approach is based

on factorization of the two processes of quarkonium formation: production and binding of

the qq̄ pair. This assumption is reasonable because the time scale of production of the pair is

∼ 1/m, while the formation of the bound state occurs at time scale ∼ 1/ΛQCD.

The probability of binding qq̄ pair into quarkonium is given by the l’th derivative of the radial

wave function at zero separation between the quark and antiquark multiplied by the amplitude

of producing a qq̄ pair at rest. Parameter l is the orbital angular momentum of the qq̄ pair.

The CSM assumes that only one parameter, based on the wave function at origin, describes

the long distance interactions between quarks and antiquarks. This assumption might not be

completely correct. Indeed, it was realized in 1993, by measuring the prompt J/ψ cross sec-

tion, that the CSM does not accurately describe data especially at high transverse momentum.

To solve this problem, new theory models have been developed. A new factorization scheme

based on NRQCD formalism (to be discussed in Section 2.6.2) and a new production mech-

anism related to the fragmentation of partons (to be discussed in Section 2.6.3), have been

proposed.

Color-Evaporation Model

Color-Evaporation Model (CEM) was introduced in 1977 by Fritzsch and Halzen [21, 22].

The model assumes that at short distances ∼ 1/m the qq̄ pair can be created in any color and

spin state. This is in contradiction to the CSM where the pair is initially created in a color

singlet state. The authors of the CEM question the possibility that a color singlet state formed

at distances ∼ 1/m can survive to form quarkonium. According to them there is an infinite

time for soft gluons emitted later in the process to readjust the color of the qq̄ pair in color

octet state before it appears as a color singlet quarkonium. The cross section to produce a

quarkonium in CEM is

σonium =
1

9

∫ 2mD,B

2mq

dm
dσqq̄

dm
(2.6)
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where σqq̄ is computed perturbatively and 2mD,B is the threshold to produce two charm or

two beauty mesons. The coefficient 1
9

represents the probability of a qq̄ pair to be in a singlet

state. The cross section for a specific quarkonium state H is given by the formula σH =

ρHσonium where ρH is a constant and is related to the decay width of the quarkonium state H.

Again, there is a separation of production and binding processes which is very similar to the

factorization approach used in the CSM.

One of the predictions of CEM is the ratio of cross sections for any two quarkonium states is

constant and independent of the production process. This, however, does not match experi-

mental observations.

2.6.2 NRQCD factorization

The NRQCD factorization method is based on Non-Relativistic QCD [12, 15, 16] which re-

produces full QCD at momentum scales of order mv and smaller. The method assumes that

the long and short distance physics in quarkonium production can be separated, provided that

the formation of the bound state is insensitive to the creation of the qq̄ pair, 1/ΛQCD ≫ 1/m.

The production of quarkonium H in NRQCD is represented by the factorization formula

σ(H) =
∑

n

σn(Λ)〈OH
n (Λ)〉. (2.7)

Here, Λ is the cut off scale of the effective theory. The coefficients σn(Λ) represent the par-

tonic cross sections to create a qq̄ pair and they are calculated in perturbative QCD. They are

process dependent, calculated as an expansion in αs. The matrix elements 〈OH
n (Λ)〉 represent

the probability of a qq̄ pair to evolve into quarkonium H. The matrix elements can be color

singlet and color octet operators representing the qq̄ pair created or annihilated in a color sin-

glet and a color octet state. The sum in Equation 2.7 is an expansion in αs and velocity v.

Through a given order in v, only a finite set of matrix elements contributes.

The color singlet matrix elements are related to wave functions of quarkonium at the origin.

The color octet matrix elements can be calculated on the lattice [23], using weak coupling

techniques [24] or can be related to wave functions at origin and some number of universal

non-perturbative parameters [25]. The color octet matrix elements can also be extracted from

data [26]. An important property of color octet matrix elements is their universality: they can
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be determined independently of the production process and used in calculations for another

process.

The CSM can be obtained from the NRQCD factorization formula in Equation 2.7 by exclud-

ing the color octet terms. Adding color octet terms in Equation 2.7, improved significantly

the predictions of quarkonium production cross sections at high transverse momenta however

these predictions suffer from many uncertainties. For example the matrix elements, 〈OH
n (Λ)〉,

can be combined in a different way for the different processes and this can be a source of

uncertainty. The truncation of the sum in Equation 2.7 to a given order of αs and v can be

another source of uncertainty. For example standard truncation in v includes one color singlet

and three color octet matrix elements for S -wave quarkonium and one color singlet and one

color octet matrix elements for P-wave quarkonium. Most of the theoretical uncertainties

however cancel in ratios of cross sections.

The production mechanism of quarkonium using the NRQCD approach has been extensively

studied in the last years. To describe previous experimental data, it was found that next-to-

leading order (NLO) corrections in αs have to be included in calculations of hadroproduction

cross sections of S [27] and P [28] wave charmonium.

2.6.3 Fragmentation function approach

It is believed that at large pT the dominant mechanism of quarkonium production is frag-

mentation. Fragmentation is a formation of a hadron within a jet produced by a parton with

large transverse momentum. The fragmentation of a parton into quarkonium is described

by a universal fragmentation function. The fragmentation functions represent the probability

for a parton to fragment into a particular hadron carrying a certain fraction of the parton’s

energy. Fragmentation functions describe the long distance, non-perturbative physics of the

hadronization process in which the observed hadrons are formed and they can be expanded in

terms of NRQCD matrix elements [29].

In 1993, Braaten and Yuan [30] pointed out that the dominant production mechanism for

charmonium at high transverse momentum might be fragmentation. They calculated the frag-

mentation probability for a gluon to produce S -wave quarkonium states. In another paper [31]

in 1994 they calculated the fragmentation probability for a g→ χc from the parton process
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g→ cc̄+ g. They estimated that this can be the reason for the significant fraction of χc ob-

served at a large transverse momentum. Fragmentation into χc followed by its radiative decay

may also account for the significant fraction of J/ψ produced at these large transverse mo-

menta.

2.7 χc production in hadron colliders

Two production models in hadron collisions will be introduced: kT factorization and NRQCD

factorization. Comparison of existing calculations for both models with the current measure-

ment will be done in Chapter 4.

kT factorization

The kT factorization method [34, 35] starts from Color-Singlet quarkonium production model

and it incorporates the initial state radiation through parton distribution functions which in-

clude the transverse momenta, kT , additionally to the longitudinal momentum fraction, x, of

the incident partons. A nice comparison between conventional approach which assumes that

all particles involved in the calculation of parton level cross sections have only longitudinal

components of their momenta and the kT factorization approach can be found at [36].

The production cross section of χcJ in proton-proton collisions using kT factorization formal-

ism is given by the formula

σ[pp→ χcJ +X] =
∑

i, j

∫

dx1dx2dk1T dk2T f (x1,k1T ,µ
2) f (x2,k2T ,µ

2)

× σ̂[i+ j→ χcJ +X]. (2.8)

The parton cross sections σ̂[i+ j→ χcJ +X] are evaluated in perturbative QCD. The parton

distribution functions f (x1,k1T ,µ) and f (x2,k2T ,µ) depend the parton’s transverse momentum

kT , as well as on the parton’s longitudinal momentum fraction x [37].

NRQCD factorization

The factorization formula in Equation 2.7 applied to χcJ production in proton-proton colli-

sions is
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σ[pp→ χcJ +X] =
∑

n

σ(cc̄)n〈OχcJ
n 〉

=
∑

i, j,n

∫

dx1dx2 fi/p(x1,µ
2) f j/p(x2,µ

2)

× σ̂[i+ j→ (cc̄)n+X]〈OχcJ
n 〉 (2.9)

where fi/p and f j/p denote the parton distribution functions [32, 33] which give the probabil-

ity density for finding a parton with a certain longitudinal momentum fraction x1 and x2 at

momentum transfer µ2. The indices i, j indicate gg,gq,gq̄,qq̄ interactions and σ̂ is the par-

ton level cross section calculated in perturbative QCD. The terms 〈OχcJ
n 〉 are color singlet,

cc̄[3P
(1)

J
], and color octet, cc̄[3S

(8)

1
] matrix elements. They are related to the transition prob-

ability of a cc̄ pair into charmonium χcJ . After radiating a gluon, from either the c or the c̄

quark in the color octet state 3S 1, the cc̄ pair is in color singlet 3PJ bound state.
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CHAPTER 3

The LHC and CMS experiment

3.1 LHC

The Large Hadron Collider (LHC) [2] is the world largest and most powerful particle ac-

celerator. It is designed to collide proton beams at center of mass energy of 14 TeV. It has

circumference of 27 kms and is placed in a tunnel, 175 meters under the ground near Geneva.

The LHC is the final stage of a system of accelerators shown in Figure 3.1.

Figure 3.1: CERN Accelerator Complex.

Protons in the beams are taken from a bottle of hydrogen gas and first accelerated in linac and

Proton Synchrotron to 26 GeV. Then the particles are injected into Super Proton Synchrotron
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and accelerated to 450 GeV. The final acceleration to 7 TeV per proton beam is done in the

two rings of the LHC. There are dipole magnets along the rings which bend the beams. Then

the two beams are focused and brought into collision at four interaction points along the

rings. The proton beams are accelerated with a radio frequency of 400 MHz. This gives rise

to synchrotron oscillations which group the protons in the beams into packets. The LHC is

designed for 2808 packets in a single beam.

3.2 Luminosity

The design instantaneous luminosity,L, of the LHC is of order 1034 cm−2s−1 and it is given by

the number of collisions per second per interaction region, divided by the total cross section

of the proton beam

L = n · frev ·N1 ·N2

A
e f f

T

(3.1)

where A
e f f

T
is the effective transverse area of the proton beam, n is the number of packets

the beam is splitted to and frev is the frequency of revolution around the ring. N1 and N2 are

the number of protons in each packet. With respect to other high energy colliders, the design

luminosity of LHC is several magnitudes larger. This is needed because LHC is designed

to discover new particles at TeV scale. At these scales the interaction rates with momentum

transfers more than 1 TeV are very low. Therefore more data needs to be collected which can

only be achieved by having large luminosity.

3.3 The Compact Muon Solenoid

The Compact Muon Solenoid Experiment (CMS) [1] is one of the two general purpose de-

tectors at LHC designed to study proton-proton interactions. It contains different subsystems

which can measure energy and momentum of electrons, muons, taus, photons and hadrons. A

schematic view of the CMS detector in Figure 3.2 shows all of these subdetectors.
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Figure 3.2: Schematic view of the CMS detector [1].

3.3.1 Coordinate system

The CMS coordinate system is defined with respect to the LHC ring. The x axis points towards

the center of the ring, the y axis points up and the z axis is defined assuming a right handed

coordinate system. The azimuthal angle φ is measured from the x axis in x-y plane and the

radial coordinate is denoted by r. The polar angle θ is defined in the r-z plane. In Appendix A

several kinematic variables are defined which will be used in this measurement.

3.3.2 Tracker

The tracker is the closest subdetector to the beam axis where the collisions occur. It has a

length of 5.8 m and a diameter of 2.5 m. For each bunch crossing which happens every 25 ns

there will be about 1000 particles created at the LHC luminosity of 1034 cm−2s−1. Due to the

large number of particles created at each collision, the tracking system is exposed to severe

radiation.

To achieve radiation hardness and at the same time good spacial resolution, the tracking sys-
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tem is designed entirely of silicon sensors. The main purpose of the tracker is to record

particle paths. The tracker has two main components: silicon pixel and silicon strip trackers.

A schematic view is shown in Figure 3.3.

Figure 3.3: Tracker overview [1].

Pixel detector

The part of the tracker closest to the beampipe is called pixel detector. It is placed between

radii of 4 cm and 10 cm. The pixel detector is very important for the reconstruction of sec-

ondary vertices from b and c quarks and τ leptons decays and for forming seeds for tracks

which will be further reconstructed using other tracker layers and subdetectors. The lifetimes

of the b and c quarks and the τ leptons set the size of the pixel. Almost a quadratic shape

of 100 µm (rφ) x 150 µm (z) is chosen which gives a comparable resolution in both direc-

tions. This gives the possibility to reconstruct the track in three dimensions and determine the

collision vertex with very high precision.

There are three cylindrical layers and four discs of pixel detector modules respectively in the

barrel and in the forward region. They can be seen in Figure 3.4. The pixel tracker, both in

the barrel and endcaps, covers a pseudorapidity range of |η| < 2.5.

The inner layer is placed at 4.4 cm just surrounding the beam pipe. The other two layers are

at radii of 7.3 and 10.2 cm. All three layers have length of 53 cm. In the forward region, there

are four discs of pixel detector modules at z = ±34.5 cm and z = ±46.5 cm. The disc’s inner

radius is 6 cm and the outer radius is 15 cm.
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Figure 3.4: Pixel overview [1].

The barrel layers are made of 18, 30 and 42 ladders respectively for the first, second and third

layer of the pixel detector. Each ladder is made up of 8 silicon modules. The 4 forward disks

consist of 24 double sided blades arranged in a fan like structure. Each blade in the disk has

4 silicon modules on the side facing the interaction point and 3 silicon modules facing away.

Each of the silicon modules consists of readout chips and sensors. In total, there are 1440

silicon modules in the pixel detector.

When a particle passes through a silicon module, electrons are ejected from the silicon atoms,

creating electron-hole pairs. Each pixel collects these charges on the surface as a small electric

signal. The readout chip amplifies the signal and as a result it indicates a hit in the pixel. To

start building the trajectory of a charged particle, at least 3 hits in the three pixel layers are

needed.

Silicon strip tracker

At intermediate radii, between 20 and 130 cm, the particle flux is reduced significantly and

silicon micro strip detectors are used with a size of 10 cm x 80 µm.

The central barrel is divided in tracker inner barrel (TIB) with two inner endcaps (TID) cov-

ering the region between 20 cm and 60 cm, and a tracker outer barrel (TOB) covering the

region above 60 cm radius. TIB consists of four layers assembled in shells, TID has three

discs and TOB has six concentric layers. There are also two endcaps (TEC) with nine discs
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on each side of the tracker. Each of the silicon strip tracker subdetector layers is made up of

silicon modules designed specifically for its place. In total, there are 15148 silicon modules

in the strip silicon tracker. Similarly to the pixel modules, silicon modules consists of sensors,

support structure and readout electronics.

When a charged particle crosses a silicon module, electrons are ejected from the atoms. This

small amount of current is amplified by readout chips producing hits in the module which

allows to reconstruct the particle track. Track reconstruction of muons and converted photons

using hits in the pixel and silicon strip tracker will be explained in Chapter 4.

The combined momentum resolution of the pixel and strip tracker is

σ(pT )

pT

∝ 0.015%pT +0.5% (3.2)

where pT is transverse momentum of the charged particle and σ(pT ) is the uncertainty on pT .

The momentum resolution of 100 GeV/c track at η ∝ 0 is 1.5% and at η ∝ 2.5 is 7%.

Material budget in CMS Tracker

A high track reconstruction efficiency is of great importance for the reconstruction of charged

particle tracks. In general, the reconstruction efficiency is not limited by the resolution of the

tracker. The inefficiency comes from hadronic interactions of the particles produced in the

collisions with the material of the service installations inside the tracker. The service instal-

lations include on-detector electronics and cooling systems. Figure 3.5 shows the material

budget in units of radiation length, X0, as a function of pseudorapidity for different tracker

layers and service installations. At η ≈ 1.4 there is an increase of the material budget because

of cables and cooling pipes between the TIB and TOB, and the TID and TEC.

High material density increases the probability of bremsstrahlung, photon conversion and

multiple scattering and is in conflict with the design requirements for the tracker. However,

for this work it is important because the χc are reconstructed with conversions in the tracker

layers. To achieve high track reconstruction efficiency in high material density regions as

well as in the whole tracker a special approach of ”iterative” track reconstruction is used.

This approach will be explained in Chapter 4.
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Figure 3.5: The material budget in units of radiation length as a function of η for different

subdetectors (left) and functional contributions (right) [1].

3.3.3 Calorimetry

Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) measures the energy and position of photons and

electrons created in the collisions. The energy is measured by initiating interactions of these

particles with the material of the ECAL and absorbing the resulting energy. It is in contrast to

the tracker which absorbs only the deposited ionization energy.

The ECAL is made of lead tungstate (PbWO4) crystals chosen because of their excellent

energy resolution. The layout of ECAL barrel and endcaps is shown in Figure 3.6.

The ECAL barrel covers the pseudorapidity range |η| < 1.479 and contains 61200 crystals.

The crystals have tapered shape with a front cross section of 22 x 22 mm2, rear cross section

26 x 26 mm2 and length of 230 mm (25.8X0). The crystals are grouped into 5 x 2 matrices.

Then, 40 or 50 matrices are grouped into modules each containing 400 or 500 crystals. Four

modules according to their position in η are assembled into supermodules, which thus contain

1700 crystals. Eighteen supermodules, each covering 20◦ in φ, form a half barrel.

The ECAL endcaps cover pseudorapidity range 1.479 < |η| < 3.0 and contain 3662 crystals.

Each endcap consists of identically shaped crystals with a rear cross section of 30 x 30 mm2,

a front cross section of 28.62 x 28.62 mm2 and 220 mm length (24.7X0). They are grouped

in 5 x 5 matrices to form supercrystals. The supercrystals are arranged in a rectangular grid.
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Figure 3.6: ECAL layout [1].

The energy resolution of PbWO4 crystals is

σ(E)

E
∝ 3%
√

E
+0.03% (3.3)

where σ(E) is the uncertainty on the measured energy and E is in GeV. For example energy

resolution of 120 GeV electron is 0.5%.

When electrons and photons pass through the crystal it produces light in proportion to the

particle’s energy. The light is detected with photodetectors, avalanche photodiodes (APDs)

in the barrel and vacuum phototriodes (VPTs) in the endcaps, which convert it into electrical

signals.

A preshower detector is placed in front of the endcaps, in the region 1.653 < |η| < 2.6, to

improve π0/γ discrimination. The preshower has a finer granularity than the ECAL and it can

separate each of the two closely spaced photons from π0 decays.

Hadron Calorimeter

The hadron calorimeter (HCAL) measures the energy of quarks and gluons by absorbing jets

of particles the quarks and gluons hadronize into. The CMS hadron calorimeter is a sampling
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calorimeter with brass absorber plates (≈ 5.5 cm thick) and tiles of plastic scintillator (3.8

mm thin) as active medium. HCAL consists of four regions: barrel, endcap, forward and

outer HCAL calorimeters, see Figure 3.7.

Figure 3.7: CMS view with locations for hadron barrel (HB), endcap (HE), outer (HO) and

forward (HF) calorimeters (left) and HCAL tower segmentation of HB, HO and HE (right) [1].

The HCAL barrel (HB) is placed between the ECAL and the magnetic coil and covers pseu-

dorapidity range |η| < 1.3. The HCAL endcap (HE) covers pseudorapidity range 1.3 < |η| < 3

and is attached to the muon endcap yoke. Both HB and HE use scintillator as active medium.

The forward calorimeter (HF) has pseudorapidity coverage down to |η| = 5.2 and is placed

outside the magnetic field. The HF must be very resistant to radiation and due to this reason

Cherenkov radiating quartz fibers are used as active medium.

The stopping power of HB and HE is not sufficient for hadron shower development, therefore

the outer calorimeter (HO) is placed outside the magnetic coil. Similarly to HB and HE, it

uses scintillator as active medium. The HO is used to identify late starting showers and to

measure their deposited energy. The energy resolution of the HCAL is

σ(E)

E
∝ 100%
√

E
+5% (3.4)

where σ(E) is the uncertainty on the measured energy and E is in GeV.

When a hadronic particle passes through a plate of absorber it produces numerous secondary

particles which can flow through successive absorber layers and create shower of particles.

The particles pass also through active scintillation material causing them to emit light. A

megatile is a layer of scintillator tiles chosen in a way to receive the same number of particles.

Optic fibers collect the light from megatiles and feed the readout boxes where photodetectors
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amplify the signal. The signals from successive tiles are added to form towers. The tower is

the measure of particle’s energy.

Figure 3.7 shows the HCAL tower segmentation in r-z plane for HB, HO and HE detectors.

The shading represents the grouping of scintillator layers into different readouts.

3.3.4 Magnet

Magnetic field in the detector is needed in order to bend particle’s trajectories and measure

their momenta. The CMS magnet consists of two components: superconducting solenoid and

yoke.

Superconducting solenoid

The superconducting solenoid has a magnetic field of 4 T and weights 220 t. It has dimensions

of 6 m diameter and 12.5 m length. The solenoid is built in five modules which have 4 winding

layers made from stabilized reinforced NbTi conductor. The thickness of the coil is 3.9X0.

The inner coil radius accommodates the tracker, ECAL and HCAL.

Iron yoke

The magnetic flux is returned via 1.5 m think and 10000 t weight iron yoke. It is segmented in

5 wheels along the beam pipe and has 2 endcaps. The iron yoke has 3 layers along its radius

in the barrel and 3 discs perpendicular to the beam line in the endcaps, see Figure 3.8. Muon

detectors are embedded in the iron structure of the yoke allowing 4 muon stations. The outer

layer diameter of the yoke is 14 m.

3.3.5 Muon System

The Muon system is designed to identify muons and measure their momenta. Muons are

heavy and long-lived particles and they can cross large amount of matter without being

stopped. The muons deposit only ionization energy in ECAL and HCAL while the other

known final state particles except neutrinos are completely absorbed. There are 3 types of

gaseous detectors especially designed for muon identification at CMS: drift tubes (DT), cath-

ode strip chambers (CSC) and resistive plate chambers (RPC).
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Figure 3.8: CMS iron yoke and field lines of the magnet [1].

Drift tubes

In the barrel region, for |η| < 1.2, the neutron-induced background is small, the muon rate is

low and the magnetic field is almost uniform and parallel to the beam line, see Figure 3.8,

which implies the usage of DT chambers. They are sensitive to the magnetic field and have

limited muon rate capability due to the long drift time. The DT chambers are organized in

4 stations among the layers of the return yoke. The first 3 stations contain 12 chambers per

wheel, which measure the r-φ and z coordinates of the muons. The chambers in the fourth

station are 14 per wheel and they measure only the r-φ coordinate of the muons. In each of

the 12 sectors of the yoke there are 4 muon chambers per wheel, labeled MB1, MB2, MB3

and MB4, see Figure 3.9. In total, there are 250 DT chambers in the barrel.

The iron yoke supports between the chambers create dead zones for muon reconstruction.

This has been solved by placing the DT chambers in a way the gaps not to align in φ, see

Figure 3.9.

Cathode strip chambers

In the endcap region, the neutron-induced background is high and the magnetic field is large,

non-uniform and radial, see Figure 3.8. This implies the usage of CSC chambers due to their

short drift path, less sensitivity to the magnetic field and very good muon rate capability.

There are 4 CSC stations in each endcap, placed among the plates of the return yoke which

measure the muon position in r-φ plane. The CSC chambers have trapezoidal form (cover 10◦
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Figure 3.9: CMS muon DT chambers in one of the five wheels [1].

or 20◦ in φ) and they are arranged in groups: 72 ME1/1, 72 ME1/2, 72 ME1/3, 36 ME2/1, 72

ME2/2, 36 ME3/1, 72 ME3/2 and 36 ME4/1, see Figure 3.10. There are 540 CSC chambers

in each endcap.

Resistive plate chambers

In the back of each muon station there is one or more layers of RPC. Two RPC layers sandwich

the first two barrel stations and one layer is placed in the outer two stations. There are four

layers of RPC in each endcap.

The DTs and CSCs are designed to measure precisely muon’s position while the RPCs are

dedicated fast trigger detectors. They have excellent timing resolution of about 1 ns and can

unambiguously identify the bunch crossing. There are 610 RPCs in CMS.

3.4 CMS Trigger

Due to the high rate of proton-proton interactions it will be impossible to store the large

amount of data associated with these collisions. Production rate is reduced by selecting only

interesting data in two steps: Level-1 Trigger (L1) and High-Level Trigger (HLT).
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Figure 3.10: CMS CSC at the endcaps [1].

Level-1 Trigger

The Level-1 Trigger consists of custom designed electronics with designed output rate of 50

kHz which means data rate reduction of the order of 106. Since the designed bunch spacing

of 25 ns is a very short time for Level-1 Trigger to read the data and provide a decision, the

data is stored in front end buffers. The L1 Trigger takes a decision to keep data by combining

information from the muon systems and the calorimeters. The trigger latency between given

bunch crossing and the trigger decision is 3.2 µs which is equivalent to 128 beam crossings of

25 ns.

The structure of the Level-1 Trigger is shown in Figure 3.11. It consists of three subsystems:

calorimeter trigger, muon trigger and global trigger.

The muon trigger delivers the 4 highest pT muons in each event. The calorimeter trigger sends

the 4 most energetic objects from isolated and non-isolated e/γ, central jets, forward jets and

tau-like jets. It also counts the number of jets, missing transverse energy, Emiss
T

, and total

transverse energy, ET . Then, the Global Trigger takes the decision to accept or reject event

based on up to 128 different algorithms with programmable thresholds applied in parallel to

the objects delivered by the muon and calorimeter triggers.

At the end OR function combines the results from the algorithms and event is accepted or

rejected. A positive decision causes the front end electronics to read the data from the de-
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Figure 3.11: Level-1 Trigger structure [1].

tector and send it to a computer farm that performs more rigorous reconstruction of physics

objects and further kinematic selections in order to accept or reject event (High-Level Trigger

processing).

High-Level Trigger

The High-Level Trigger is a software system implemented in a filter farm of about a thousand

processors. It reduces the rate of stored events to 150 Hz. The HLT has access to complete

read out data therefore it reconstructs physics objects like jets, electrons etc. as close as possi-

ble to the standard offline reconstruction code. The HLT is seeded by Level-1 and additionally

uses information from the tracker and full granularity of the calorimeter and muon systems.

The HLT contains many trigger paths each of them corresponding to a different selection like

dimuons, diphotons etc. If an event is accepted by a given path, the HLT might not run the rest

of the triggers. Later, the triggers not run online could be run offline allowing to study trigger

efficiencies or producing specific data samples which can be easily analyzed by physicist. The

HLT decision can be longer than 3 µs but overall it is consistent with the Level-1 accept rate.

3.5 CMS data flow

Raw data that passed HLT and CMS Online Data Acquisition system (system which collects

data from different detectors and builds events) is stored at a storage facility at CERN, known
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as Tier-0. The raw data contains information for every single proton-proton collision which

passed HLT and it is called an event. There are about 109 events per year stored at Tier-0.

Standard CMS algorithms perform calibration and alignment of the detector using raw data

and do prompt (first) reconstruction of physics objects like muons, electrons, jets etc. Later,

their momenta, energies and trajectories are measured and this is done by using all detectors

of CMS experiment.

The output data from prompt reconstruction is saved in different primary datasets based on

trigger information.

The data from Tier-0 is transferred to Tier-1 storage facilities worldwide where further cal-

ibration and re-reconstruction is performed centrally to be used by all CMS analyzes. The

Tier-2 centers are more numerous and they are based at different universities in the world.

They have limited disk space and are used for running individual analysis and Monte Carlo

simulations.

Data is stored in three types of root files which contain information about raw, reconstructed

and analysis object data, respectively RAW, RECO and AOD root files. The RAW root files

contain information about the recorded event in raw format as hits, energy deposits in the de-

tector etc. The RECO root files contain detailed information of reconstructed physics objects

and the AOD root files are simplified version of the RECO files which are mostly used in the

analyses.

Tier-0, Tier-1 and Tier-2 centers form a GRID [39] based computer infrastructure in 35 coun-

tries.
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CHAPTER 4

Measurement

4.1 Production and decay of χc states

The excited charmonium states χc can be produced directly in proton-proton collisions or can

be a product of b-hadron decays. The first is referred to as prompt, while the second is known

as non-prompt χc production. There is a distance between the production vertex of the b-

hadron (secondary vertex) and the primary vertex where patron collisions occur. This distance

depends on the life time of the b-hadron and is used to discriminate the two components of

the χc production process.

In this analysis, we are interested in prompt χc production where the χc further decays into

J/ψ and photon, χc→ J/ψ+γ. A schematic view of the two production processes is shown

in Figure 4.1.

Table 4.1 summarizes some of the properties of the J/ψ and χc charmonium states.

Table 4.1: Charmonium bound states.

Particle Mass [MeV/c2] Width [MeV/c2] B(J/ψ→ µ+µ) [%]

J/ψ 3096.92±0.01 0.093±0.002 5.93±0.06

Particle Mass [MeV/c2] Width [MeV/c2] B(χcJ → J/ψ+γ) [%]

χc0 3414.75±0.31 10.5±0.8 1.16±0.08

χc1 3510.66±0.07 0.88±0.05 34.4±1.5

χc2 3556.20±0.09 1.95±0.13 19.5±0.8
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Figure 4.1: Prompt and non-prompt χc production.

4.2 Data sample

The CMS experiment collected about 5.56 fb−1 of data in 2011 by colliding bunches of pro-

tons with different intensities at a center of mass energy of 7 TeV. For this measurement we

use MuOnia data samples, produced centrally and based on data recorded with the CMS de-

tector by using the B-Physics HLT dimuon resonant (J/ψ, Υ, Bs) and non-resonant (the two

muons may not form a J/ψ or Υ resonance) triggers. Table 4.2 contains a complete list of the

MuOnia data samples and their corresponding run ranges. The run range indicates a specific

period of collecting data with CMS with the same instantaneous luminosity of proton-proton

collisions. The MuOnia data samples contain information of reconstructed physics objects

like electrons, muons, jets etc for every event. The reconstruction of physics objects has been

centrally performed and it was explained in Section 3.5.

A full description of B-Physics HLT triggers used for 2011 data can be found at [38]. In gen-

eral, all B-Physics triggers are based on a selection of opposite sign muon pairs. Additionally

for each trigger there is a cut on the transverse momentum pT , rapidity |yµ+µ− |, invariant mass
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Table 4.2: Data samples used in the analysis.

Run range Data sample

Run 2011A

160404−163869 /MuOnia/Run2011A-May10ReReco-v1/AOD

165071−168437 /MuOnia/Run2011A-PromptReco-v4/AOD

170053−172619 /MuOnia/Run2011A-PromptReco-v5/AOD

172620−175770 /MuOnia/Run2011A-PromptReco-v6/AOD

Run 2011B

175832−180252 /MuOnia/Run2011B-PromptReco-v1/AOD

mµ+µ− , displacement of the muon pair from the primary vertex etc. Figure 4.2 shows the

contributions of several B-Physics triggers to the dimuon mass distribution obtained from

MuOnia data sample. The steps in Figure 4.2 indicate usage of different triggers.

The 2011 data is divided into two periods: 2011A and 2011B. The 2011A period includes

instantaneous luminosities 5× 1032, 1× 1033, 1.4× 1033, 2× 1033, 3× 1033 cm−2s−1. The

second period is characterized by higher instantaneous luminosity of 5×1033 cm−2s−1 which

leads to larger number of interactions per bunch crossing.
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Figure 4.2: Dimuon mass distribution obtained from overlapping several trigger paths in nar-

row mass windows.
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4.3 Triggers

To select events which contain a J/ψ candidate with specific selection criteria we apply the

triggers in Table 4.3. These triggers are subset of the list of triggers in [38] used to produce

MuOnia data samples. The triggers in Table 4.3 are applied additionally because the events

in MuOnia data samples might not have been selected by those triggers (event is accepted if

it fires at least one of the trigger paths in a list for a given run range).

The HLT trigger paths in Table 4.3 are characterized by two opposite charge muons, dimuon

rapidity |y| < 1.25, momentum threshold for the pair that increases from 6.5 to 10 GeV, vertex

χ2 probability more than 0.005 (how likely is to observe as high or higher χ2) and dimuon

mass from 2.95 to 3.25 GeV/c2. In Table 4.3 we report the instantaneous luminosities, L, for

each trigger path as well as their time-integrated luminosity given by

Lint =

∫

Ldt. (4.1)

Total integrated luminosity, Lint, obtained from all trigger paths which corresponds to the

total amount of data used in this analysis is 4.6 fb−1.

Table 4.3: Trigger paths used in the analysis.

Run range Trigger path L [cm−2s−1] Lint [pb−1]

Run 2011A

163269−163869 HLTDimuon6p5BarrelJpsiv1 1×1033 165.11

165088−166043 HLTDimuon7JpsiXBarrelv1 1×1033 722.94

166346−166346 HLTDimuon7JpsiXBarrelv2 1×1033 4.42

167078−167913 HLTDimuon7JpsiXBarrelv3 1.4×1033 244.54

170722−173198 HLTDimuon7JpsiXBarrelv5 2×1033 872.94

Run 2011A and Run 2011B

173236−178380 HLTDimuon10JpsiBarrelv6 3×1033 1918.00

Run 2011B

178421−179889 HLTDimuon10JpsiBarrelv9 5×1033 600.28

179959−180252 HLTDimuon10JpsiBarrelv10 5×1033 94.34

4.6 fb−1
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4.4 Candidate reconstruction and selection

The χc is reconstructed through its decay to J/ψ and photon by using MuOnia data samples

and triggers in Table 4.3. The J/ψs are reconstructed using two opposite charge muons which

have common vertex. The muons are detected in the muon chambers and tracker. The photons

are reconstructed through conversions in the silicon pixel and strip tracker, γ→ e++ e−.

4.4.1 Muons

Muons are produced with standard CMS reconstruction algorithms and they are stored in a

dedicated collection for every event in the MuOnia data samples. There are three types of

muons depending on the way of their reconstruction in the CMS detector:

• Stand-alone muons

• Tracker muons

• Global muons

Stand-alone muons are built using only the information from the muon system. The recon-

struction starts by finding hit positions in DT, CSC and RPC. Then, hits within each of the DT

and CSC chambers are matched to form seeds. The seeds are the starting point for trajectory

building of muons. The track finding and fitting procedure based on a combinatorial Kalman

filter [40] explores the next DT, CSC and RPC layers, adjacent to the layers where the seeds

are formed, to build the muon trajectory.

Reconstruction of the Tracker muons starts from the tracker by considering all tracks above

a certain minimum pT which are later matched with at least one muon segment in the muon

chambers. Muons are identified by their deposited energy in the electromagnetic calorimeter.

The requirement is that the energy deposited in ECAL is compatible with a minimum ioniz-

ing particle. This approach of muon reconstruction works well for muons with pT below 6

GeV/c when they can not reach the outer muon chambers. Tracker muons have a minimum

momentum of 2.5 GeV/c.

Global muons are a combination of stand-alone muons and tracks in the silicon pixel and

strip tracker. The muon track reconstructed in the muon chambers is matched with a track
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reconstructed in the tracker. Global muons have a minimum momentum of 3 GeV/c.

The tracker and the muon systems play different roles in the muon reconstruction depending

on its momentum scale. The tracker has high momentum resolution, about 1÷ 2% for 100

GeV/c particles and it is not much affected by multiple scattering and energy loss. The mag-

netic field in the tracker is homogeneous and almost constant. Therefore the tracker has very

high efficiency in low pT muon reconstruction. Moreover, the low pT muons can not reach

the muon stations because they lose energy in the material and bend in the magnetic field be-

fore reaching the muon system. On the other hand, the muon systems can reconstruct higher

momentum muons because they can measure curvatures with a lever arm of 4÷7 m from the

beamline as opposed to 1 m in the tracker (the higher the momentum of the muons is the less

curved is its trajectory).

Knowing the trajectory’s curvature of the muon, the tangent to the trajectory as well as the

magnetic field one can find a relation between the momentum of the muon and its motion in

magnetic field using Lorentz force. Low pT muon’s trajectory is a helix, while high pT muon’s

trajectory is nearly a straight line. High pT muons can emit photons leading to electromag-

netic showers in the muon systems. This can cause a loss of efficiency in the reconstruction

of high pT muons.

In this analysis, we use two types of muons: reconstructed inside-out (Tracker muons) and

reconstructed outside-in (Global muons). We apply additional selection cuts on the muon

candidates as reconstructed with CMS standard algorithms to reject tracks that are not coming

from muons. These cuts reject muon candidates, which may come from decays in flight from

kaons and pions, K→ µ and π→ µ, or cosmic muons. Below is a list of selection requirements

applied both to Global and Tracker muons:

• At least 11 hits in the tracker (pixel and strips layers) and no less than 2 hits in the pixel

layers. This selection removes decays in flight from kaons and pions.

• The impact parameters d0 and z0 must have values of |d0| < 4 cm and |z0| < 35 cm with

respect to the primary vertex to reject decays in flight and cosmic muons. The meanings

of d0 and z0 are explained in Appendix A.

• Individual muon tracks are required to have pT > 3.3 GeV/c and |η| < 1.3.
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• Two types of muons are used: ”TrackerMuonOneStationTight” and ”TrackerMuonAr-

bitrated”. For the first type, the silicon track is matched to two segments in the muon

chambers. For the second type, an arbitration process is used to assign segments in the

muon chambers uniquely to the muon tracks.

• Fit to the trajectory of Tracker muon in the Tracker is required to have χ2/nd f < 4.0 to

suppress muons from decays in flight.

• Fit to the trajectory of Global muon is required to have χ2/nd f < 1.8 in the tracker and

χ2/nd f < 20.0 in the muon systems to suppress muons from decays in flight.

4.4.2 J/ψ candidates

We reconstruct the J/ψ using opposite sign Global and Tracker muons by building different

muon pair combinations: Global-Global, Global-Tracker and Tracker-Tracker.

After pairing the two opposite charge muons, their trajectories are fitted with a common vertex

constraint. The vertex fit χ2 probability is required to be larger than 1%. If more than one

muon pairs is found in the event, only the pair with largest vertex χ2 probability is retained.

In addition, it is required that the dimuon mass is in the J/ψ mass range 3.0 and 3.2 GeV/c2

and the rapidity of the muon pair is in the interval [−1,1]. We chose J/ψ to be in the barrel

region of the detector because photons, which do not fly very far from J/ψ, can be poorly

reconstructed in the forward region of the tracker.

Figure 4.3 shows the invariant mass spectrum of the muon pair with muon cuts from Sec-

tion 4.4.1 and vertex probability cuts. The J/ψ and ψ′ peaks are clearly visible. The steps in

the plot correspond to the usage of different dimuon triggers.

4.4.3 Converted photons

Electron and positron tracks

The χc photons are characterized with very low momenta, pT < 5 GeV/c. They can not reach

the ECAL and due to the substantial material budget in the silicon pixel and strip trackers they

often convert into electron-positron pairs. Electron-positron pairs from converted photons
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Figure 4.3: Invariant mass distribution of J/ψ candidates with muon and vertex probability

cuts. The steps in the plot correspond to different dimuon trigger paths.

originate from a conversion vertex which is a displaced vertex from the interaction point

(collision point). The two tracks from the electron-positron pair are parallel at the conversion

vertex, both in the transverse and longitudinal frame of the detector. The tracks later open in

the transverse plane because of the bending in the solenoidal magnetic field. The invariant

mass of the converted photon is zero.

Similarly to the muon candidates, the conversion candidates (electron and positron tracks)

are reconstructed with standard CMS reconstruction algorithms and stored in a dedicated

collection for each event in MuOnia data sample.

There are two algorithms of track reconstruction from conversions in CMS:

• Tracker only seeded tracks

• ECAL seeded tracks

The Tracker only seeded reconstruction algorithm starts building a track trajectory from

seed hits in the pixel and silicon strip tracker. ECAL seeded tracks algorithm also starts
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trajectory building from hits in the pixel tracker but the seed hits are found using the electron

energy deposited in ECAL superclusters. The second method is not applicable for the recon-

struction of photons coming from χc. The χc photons have very low pT and both electrons

have difficulties reaching the calorimeter.

Both algorithms, the Tracker only seeded and ECAL seeded reconstructions, are based on

the default track reconstruction in CMS which uses Kalman Filter method [40]. When elec-

trons traverse tracker material they lose energy by emitting photons through bremsstrahlung.

In general, the amount of emitted bremsstrahlung depends on the amount of the tracker ma-

terial which varies significantly with η (Section 3.3.2). Within the Kalman Filter method, the

radiation energy loss is taken into account by correcting the track momentum. It is assumed,

that all fluctuations of track parameters due to material budget has Gaussian form. In reality,

the energy fluctuations increase with increasing material budget in the tracker. Therefore a

nonlinear approach is needed for electron and positron track reconstruction. This is achieved

by Gaussian Sum Filter algorithm [41] which is a generalization of the Kalman Filter method.

For the electron-positron tracks from χc converted photons, we use Tracker only seeded

tracks, reconstructed with Kalman Filter method. Below we explain how electron and positron

trajectories are built using the CMS track reconstruction algorithms.

Building electron and positron trajectories

Track reconstruction starts with hits in the pixel and silicon strip trackers. These hits are the

initial estimate of the track trajectory and are also called seeds. The seeds are propagated

out-ward to search for compatible hits in the neighboring tracker layers. When new hits are

found they are added to the track trajectory and the track parameters and uncertainties are

recalculated by using Kalman Filter or Gaussian Sum Filter methods. The search continues

until the end of the tracker is reached or no new compatible hits are found. Several track

candidates are produced from each seed.

Several iterations of trajectory finding are performed. In the first iteration, all reconstructed

hits are used and the requirement on the trajectory parameters are most stringent. Hits that

are assigned to a track in one iteration are removed from the collection of hits used in the

subsequent iterations and the requirements are less restrictive. At the end of each iteration,

tracks are filtered to remove the ones which are fake. Fake tracks do not have good fit χ2
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probability and are often not compatible with the primary vertices.

Below is a list of track parameters. Depending on the values of these parameters, the tracks

are grouped in different quality categories and used for different purposes.

• track normalized fit χ2

• number of hits used for building track trajectory

• number of tracker layers with a hit on the track trajectory

• number of layers with missing hits between the first and the last hit on the track trajec-

tory

• transverse momentum pT of the track

• transverse impact parameter d0 with respect to the mean proton-proton collision (Ap-

pendix A)

• significance of the transverse impact parameter d0/σ, σ is the uncertainty on d0

• longitudinal impact parameter z0 with respect to the primary vertex (Appendix A)

• significance of the longitudinal impact parameter z0/σ, σ is the uncertainty on z0

We require that at least 4 hits are used for building electron and positron tracks with χ2/nd f

less than 10. There are no further requirements on the remaining parameters from the list

above. Tighter requirements on those parameters will decrease the efficiency of our converted

photons.

Converted photon selection cuts

In addition to the selection cuts on electron and positron trajectories applied above, there are

further selection requirements which include both tracks:

• The two tracks must have opposite charge.

• The charge-signed impact parameter q · d0 must be positive, q · d0 > 0, where q is the

track’s charge and d0 is transverse impact parameter. This means conversion vertex lies

outside electron and positron helices.
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• Helices transform into circles when projected onto the transverse plane. The distance

of minimum approach in the transverse plane, dm, between two points of tangent ap-

proach of the two tracks helices must be between −0.25 and 1 cm. Figure 4.4 shows

the meaning of the parameter dm, defined as dO1−O2
− (R1 −R2)), where dO1−O2

is the

distance between the centers of the two tracks circles and R1 and R2 are the two circles

radii. The parameter dm is negative when the two tracks circles are intersecting. The

upper cut on dm is used to reject tracks that bend around in the magnetic field and travel

backward also known as ”loopers”. The ”loopers” have a spiral trajectory and they lose

energy with every turn.

Figure 4.4: Example of a positive (left) and a negative (right) distance of minimum approach

between two ideal track circles [42].

• The difference in z, ∆z, of the innermost hits in a track pair must be less than 5 cm.

• The two tracks must have one of the two innermost hits in the same tracker layer. This

is to reduce fake tracks coming from loopers.

• Transverse momentum, pT , of the converted photon should be more than 0.5 GeV/c.

This cut reduces the number of fake converted photons significantly.

Electron and positron track are fitted with a common 3D-constrained kinematic vertex fitter

which imposes the tracks to be parallel in both the transverse and longitudinal planes. The

pair is retained if the fit converges and its χ2 probability is greater than 5×10−4.

The selection cuts above are standard requirements which are applied on conversions in CMS

tracker.

Additionally to the standard requirements, we require the conversion vertex to be at a trans-

verse distance larger than 1.5 cm from the center of the beam pipe (radius of the beam pipe is
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∼ 3 cm). This cut reduces the number of fake track pairs originating from the primary vertex

as in the case of the Dalitz decay of the π0, π0→ γe+e−.

Figure 4.5 shows the distribution of the reconstructed vertices with respect to the center of the

CMS detector in the silicon pixel and strip trackers and Figure 4.6 shows their distribution in

x-y plane in the pixel tracker. Figure 4.5 shows that most of the conversions occur in the first

three layers of the pixel tracker.
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Figure 4.5: Conversion vertices distributions in radial plane in silicon pixel and strip (TIB)

trackers. Most conversions occur in the three pixel layers placed at 4.4, 7.3 and 10.2 cm.

Each conversion track candidate must be compatible in z with at least one reconstructed pri-

mary vertex. This is ensured by requiring that the longitudinal impact parameter z0 of the

conversion track with respect to the primary vertex satisfies |z0/σ| < 5, where σ is the uncer-

tainty on z0. The primary vertices in proton-proton collisions are centrally reconstructed with

special CMS algorithms from selected tracks for each event. Additionally, we require that the

number of the tracks from the primary vertices is at least 4, corresponding to the muons and

electrons tracks. Among the two primary vertices closest in z to each of the e+ and e− tracks,

at least one must be common to the two tracks.
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Figure 4.6: x-y distribution in the pixel detector region of the position of the reconstructed

conversion vertex. The beam pipe at radius of ∼ 3 cm is clearly visible, off-centered with

respect to the pixel detector, as well as the three pixel layers with radii of 4.4, 7.3 and 10.2

cm.
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A reconstructed primary vertex from proton-proton collision is assigned to the reconstructed

conversion by projecting the photon momentum along the beamline and by choosing the clos-

est vertex along the z direction. If the distance along the z between the vertex and the projected

photon momentum, ∆z, is larger than five times its uncertainty (|∆z/σ|< 5, σ is the uncertainty

on ∆z) the candidate is rejected.

4.4.4 χc candidates

Each conversion candidate with selection cuts in Section 4.4.3 is associated to every other

conversion candidate in the event and to every photon reconstructed with electromagnetic

calorimeter. Any conversion building up a pair which invariant mass falls in the range between

0.11 and 0.15 GeV/c2 is rejected, since it is assumed to originate from a π0 decay, π0→ γγ.

The primary vertex associated to the conversion is required to be compatible with the re-

constructed J/ψ vertex. This requirement is fulfilled when the three-dimensional distance

between the two vertices, D, satisfies |D/σ| < 5 where σ is the uncertainty on D.

We are interested in a prompt χc production and this implies its decay product, the J/ψ, to be

also promptly produced in the proton-proton collisions. The J/ψ from the decay of b-hadrons

is displaced from the primary vertex where the b-hardons are produced. The 3D decay length

of b-hadrons or the distance between the primary vertex and the b-hadron decay vertex is

L = βγct (4.2)

where c is the speed of light, t is the proper lifetime of the b-hadron, β = v/c where v is the

speed of the b-hadron and γ is the Lorentz boost defined as 1/
√

1−β2. The transverse decay

length of b-hadrons in x-y plane of the detector is

Lxy = βTγct (4.3)

and it can be used to separate the J/ψ produced in b decays from prompt J/ψ. For events

with J/ψ pT greater than 1.25 GeV/c, the J/ψ flight direction aligns well with that of the

b-hadron [43]. Therefore Lxy can be written as
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Lxy = ~L ·
~pT (J/ψ)

|pT (J/ψ)| (4.4)

where ~L is the vector from the primary vertex to the J/ψ decay vertex in the r-φ plane and

~pT (J/ψ) is the transverse momentum vector in x-y plane. A variable called pseudo-proper de-

cay length, ℓJ/ψ, is used to discriminate between the J/ψ promp and non-prompt components

and it is derived from Equations 4.3 and 4.4 by using βTγ = pT (J/ψ)/mJ/ψ

ℓJ/ψ ≡ ct =
Lxy

βTγ
= Lxy ·

mJ/ψ

pT (J/ψ)
(4.5)

where mJ/ψ is the mass of the J/ψ and Lxy is measured by using Equation 4.4. Prompt J/ψ has

a zero pseudo-proper decay length whereas non-prompt J/ψ has an exponentially decaying

pseudo-proper length distribution due to the lifetime of the b-hadrons. The distribution of the

pseudo-proper decay length, ℓJ/ψ, of the J/ψ from χc candidates is illustrated in Figure 4.7.

We apply a cut of 30 µm to the pseudo-proper decay length of the J/ψ to select its prompt

component. To evaluate the contamination from non-prompt J/ψ in the region ℓJ/ψ < 30

µm, we perform an unbinned maximum likelihood fit to the pseudo-proper decay length of

the J/ψ. In an ideal detector, the ℓJ/ψ should be zero for the prompt events. Therefore for

the prompt component we use a resolution function which is taken to be a double Gaussian

Probability Distribution Function (PDF). The J/ψ shape of the non-prompt component is

given by convolving the same resolution function with an exponential decay function of a

b-hadron. Figure 4.7 illustrates the fit to the pseudo-proper decay length of the J/ψ. We

calculated the fraction of the non-prompt component of the J/ψ in the region ℓJ/ψ < 30 µm to

be around 8%. This has been done by counting the number of non-prompt J/ψ events with

respect to the number of promp J/ψ events in the region ℓJ/ψ < 30 µm. A contamination from

background was not taken into account.

All the selection cuts used to define the χc candidates are summarized in Table 4.4.

4.5 Production ratio - definition

Cross section in high energy physics characterizes the probability that a particular reaction

between interacting particles will take place. It can be found by counting the number of
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Figure 4.7: Pseudo-proper decay length distribution of J/ψ from the selected χc candidates.

The prompt component is shown in green, the non-prompt component is in lilac and the

prompt + non-prompt component is in blue. A cut of 30 µm to the pseudo-proper decay

length shown in red selects the prompt component of J/ψ.
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Table 4.4: Summary of the cuts used to select χc candidates.

Muon selection

track fit χ2/nd f < 4.0 (Tracker muons in the tracker)

track fit χ2/nd f < 1.8 (Global muons in the tracker)

track fit χ2/nd f < 20.0 (Global muons in the muon system)

hits in pixel ≥ 2

hits in tracker ≥ 11

Fiducial cylinder 4 cm(r) ×35 cm(z)

pT (µ), |η| < 1.3 3.3 GeV/c

Muon ID TrackerMuonArbitrated and TrackerMuonOneStationTight

Photon conversion selection

Electron track hits ≥ 4

Electron track fit χ2/nd f < 10

Distance of approach −0.25 cm < dm < 1 cm

Electron track-primary vertex comp. |z0/σ| < 5

Signed impact parameter q ·d0 > 0

e+e− vertex fit probability > 5×10−4

e+e− vertex-primary vertex comp. |∆z/σ| < 5

Radius of conversion Rconv > 1.5 cm

pT (γ) > 0.5 GeV/c

J/ψJ/ψJ/ψ selection

µ+µ− vertex fit probability > 0.01

mµ+µ− 3.0−3.2 GeV/c2

|y(µ+µ−)| < 1

χcχcχc selection

π0 rejection mγγ < 0.11 GeV/c2 and mγγ > 0.15 GeV/c2

Photon-J/ψ vertex compatibility |D/σ| < 5

Prompt component selection ℓJ/ψ < 30µm

observed events in a particular decay process.

The cross section of a given decay process is measured as

σ =
Nobs−Nbkg

Lint · ǫ ·Acc ·B
(4.6)

where Nobs is the total number of observed events and Nbkg is the number of background

events which mimic the signal decay topology. The difference of the two numbers gives the

number of observed signal events. The coefficient Acc is the geometrical acceptance and

the coefficient ǫ is the reconstruction efficiency of the decay products. The acceptance and

efficiency are needed to correct the number of observed events to the number of expected
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events given imperfect detector. Coefficient B is the branching ratio and it is the fraction

of particles which decay by an individual decay mode with respect to the total number of

particles which can decay. Coefficient Lint is the total amount of collected data also known as

integrated luminosity defined in Chapter 3.

In this measurement, we are not interested in the absolute value of the cross section but rather

in its shape. The ratio of cross sections can provide this information. In the ratio, large

systematic uncertainties cancel. The ratio of the production cross sections of χc2 and χc1 is

given by the formula

σ(pp→ χc2+X)B(χc2→ J/ψ+γ)

σ(pp→ χc1+X)B(χc1→ J/ψ+γ)
=

Nχc2

Nχc1

· ǫ1

ǫ2

(4.7)

where Nχc1
and Nχc2

are the number of reconstructed χc1 and χc2 candidates from data. The

term ǫ1/ǫ2 is the ratio of the geometric acceptances multiplied by the ratio of reconstruction

efficiencies of the χc1 and χc2 candidates defined as (ǫ ·Acc)χc1
/(ǫ ·Acc)χc2

in Equation 4.6. Its

value is derived from a full detector simulation and will be described Section 4.7. The values

of the branching ratios, B(χc2 → J/ψ+ γ) and B(χc1 → J/ψ+ γ), are taken from PDG [44]

and they will be used to calculate the total production ratio

σ(pp→ χc2+X)

σ(pp→ χc1+X)
=

Nχc2

Nχc1

· ǫ1

ǫ2

· B(χc1→ J/ψ+γ)

B(χc2→ J/ψ+γ)
. (4.8)

4.6 Data analysis

4.6.1 Unbinned maximum likelihood fit

The identification of χc is done using the invariant mass of µ+µ− in the J/ψ mass window

3.0÷3.2 GeV/c2 and γ

m2
χc
= (pµ+µ− + pγ)2 = (Eµ+µ− +Eγ)2− (~pµ+µ− + ~pγ)2 (4.9)

where pµ+µ− and pγ are four momenta of µ+µ− and γ, E and ~p are their energies and momenta.

Then the energy and momentum of χc are
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Eχc
= Eµ+µ− +Eγ

~pχc
= ~pµ+µ− + ~pγ. (4.10)

Therefore we expect to see a narrow peak in the invariant mass distribution, dN/dmχc
. The

reconstructed width of χc will be influenced by the resolution of the J/ψ and the photon. The

natural width of J/ψ is 0.093 MeV/c2 therefore the reconstruction of µ+µ− pair is only limited

by the accuracy of its measurement with CMS detector known as resolution. For |yJ/ψ| < 1.2,

the width of J/ψ was measured to be σ = 28 MeV/c2 [45].

In order to reduce the uncertainty due to the finite resolution of the µ+µ− pair with the CMS

detector we build the mass difference spectrum, Q =mγµµ−mµµ+mPDG
J/ψ

(mPDG
J/ψ

is the mass of

J/ψ taken from PDG). Then we perform an unbinned extended maximum likelihood fit to the

mass difference spectrum Q in various pT ranges of J/ψ using RooFit [46] to find the number

of reconstructed χc1 and χc2, Nχc1
and Nχc2

. For detailed information about the maximum

likelihood fits see Appendix B. The Probability Distribution Function (PDF) used for the

unbinned extended maximum likelihood fit is

P(Q) =
∑

χcJ

NχcJ
·S χcJ

(Q)+NB ·S B(Q) (4.11)

where NχcJ
is the number of signal events for each resonance, S χcJ

(Q) is the signal PDF for

each resonance, NB is the number of background events and S B(Q) is the background PDF.

Signal probability distribution function

Since the χc states have a finite lifetime, their invariant mass is not a fixed number. The un-

certainty in their mass is inversely proportional to their lifetime also known as width. Usually

experimental distributions (for example invariant mass distribution) are result of a theoretical

distribution modified by a detector resolution function.

The χc states have a small intrinsic width: 0.88 MeV/c2 for χc1 and 1.95 MeV/c2 for χc2 (see

Table 4.1), therefore, their invariant mass distributions are dominated by the experimental

resolution of the detector.

The shape of the resolution function was studied using Monte Carlo simulation. This was
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motivated by the fact that χc1 and χc2 states have very close masses and the two peaks can not

be separated to obtain a reliable parametrization of the resolution functions from data directly.

For example, the tail of the χc2 mass distribution falls under the χc1 peak and the tail of χc1

ends up under the χc0 peak.

We generated separate samples of χc1 and χc2 with a Monte Carlo generator and processed

the events through full CMS detector simulation. Details on this procedure will be given in

Section 4.7. Then, we fit the invariant mass distribution mγµµ −mµµ +mPDG
J/ψ

and extract the

resolution function parameters for χc1 and χc2. Since we build the mass difference mγµµ−mµµ,

this is indeed the resolution function of the converted photon.

From the simulation, we observe that the resolution function of the converted photon has

three components: Gaussian core, left and right exponential tails. The Gaussian component

describes the detector intrinsic energy resolution, while the exponential tails correspond to

unrecovered energy losses of reconstructed electrons and other detector effects.

The mass distributions of χc1 and χc2 states from simulation are parametrized with Double

Crystal Ball function [48] which is composed of a Gaussian and two exponential tails. The

Gaussian is described by two parameters: mean mass m and width σ. The exponential tails

are described by four parameters: αl,r account for the transition point between Gaussian and

exponential and nl,r are exponential coefficients. The Double Crystal Ball is defined as

S (Q;α,n,σ,m) =
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where nl,r are the exponent indices for the low energy and high energy tails, αl,r are the turning

points of the left and right tails. The left tail of the Double Crystal Ball functions takes into

account final state radiation and interaction with matter while the right tail describes non

Gaussian detector effects. The parameters α and n are very strongly correlated. Therefore we

chose to fix the values of the exponential indices to nl = 3.5 and nr = 4.9 for both χc1 and χc2.

Results of the fits with Double Crystal Ball from Monte Carlo simulation for χc1 and χc2 are

shown in Appendix C and the parameters extracted from the fit are summarized in Table 4.5.
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The χc1 mass in Table 4.5 is about 6 MeV/c2 lower than its PDG value given in Table 4.1. This

is due to the incomplete recovery of bremsstrahlung radiation emitted by the two electrons.

Table 4.5: Parameters of the Double Crystal Ball function from Monte Carlo simulation for

χc1 and χc2.

pT (J/ψ) m [GeV/c2] σ [GeV] αl αr

χc1

7-9 3.50523 ± 0.00026 0.00635 ± 0.00020 0.588 ± 0.022 2.119 ± 0.093

9-11 3.50532 ± 0.00011 0.00648 ± 0.00009 0.579 ± 0.009 2.090 ± 0.069

11-13 3.50524 ± 0.00011 0.00647 ± 0.00009 0.557 ± 0.009 2.017 ± 0.054

13-16 3.50477 ± 0.00016 0.00706 ± 0.00013 0.584 ± 0.012 1.918 ± 0.045

16-20 3.50486 ± 0.00022 0.00670 ± 0.00024 0.524 ± 0.019 1.571 ± 0.060

20-25 3.50479 ± 0.00028 0.00694 ± 0.00037 0.516 ± 0.027 1.389 ± 0.078

χc2

7-9 3.55057 ± 0.00017 0.00677 ± 0.00014 0.542 ± 0.013 2.122 ± 0.088

9-11 3.55000 ± 0.00060 0.00749 ± 0.00027 0.580 ± 0.032 2.151 ± 0.055

11-13 3.55002 ± 0.00015 0.00766 ± 0.00015 0.566 ± 0.011 1.982 ± 0.060

13-16 3.54947 ± 0.00027 0.00829 ± 0.00021 0.600 ± 0.018 1.880 ± 0.042

16-20 3.5505 ± 0.0011 0.00766 ± 0.00001 0.518 ± 0.000 1.681 ± 0.002

20-25 3.5502 ± 0.0020 0.00696 ± 0.00016 0.479 ± 0.072 1.28 ± 0.14

For the χc0 state we do not use the Monte Carlo simulation to extract resolution parameters.

Instead we parametrize the χc0 mass distribution with Crystal Ball function [47] with width σ

and tail parameters α and n equal to the σ, αl and nl of the χc1 Double Crystal Ball function.

The Crystal Ball function has four parameters: m, σ, α and n and is defined as

S (Q;α,n,σ,m) =



























( n
|α| )

ne
− 1

2
α2

( n
|α|−|α|−

Q−m
σ )n

for
Q−m

σ ≤ −α,

e−
1
2

(
Q−m
σ )2

for
Q−m

σ > −α.

Probability distribution function for background

The majority of the background events which mimic χc come from the combination of a

J/ψ with a converted photon originating from π0, π0 → γγ. The background distribution is

modeled by a generic PDF defined as

S B = (Q−q0)α1 · e(Q−q0)·β1 (4.12)

where α1 and β1 are free parameters in the fit to data. The parameter q0 is fixed to 3.2 GeV/c
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by assuming the combinatorial background starts to form at about this value.

Results from fitting procedure to data

In Figures 4.8, 4.9 and 4.10 the fits to the measured mass difference spectrum for several pT

ranges of J/ψ are shown.

The χc1 and χc2 signals are parametrized by Double Crystal Ball function described above

with parameters extracted from the Monte Carlo simulation. The χc0 distribution is parametrized

with a Crystal Ball function with the same σ, α and n as the ones from the low-energy tail

of the χc1. The mass of the χc0 is fixed to the mass of the χc1 minus the mass difference

between the two states obtained from the PDG. In the combined PDF in Equation 4.11 only

the normalization factors NχcJ
and NB and the background PDF parameters α1 and β1 are free

and they are determined from the fit to data.

Table 4.6 summarizes the number of reconstructed χc1 and χc2 and their ratio for different pT

ranges of J/ψ as extracted by performing an unbinned extended maximum likelihood fit to

mγµµ−mµµ+mPDG
J/ψ

.

Table 4.6: Results of the maximum likelihood fit with the Monte Carlo driven signal

parametrization and exponential multiplied by power low background parametrization. The

uncertainties are statistical only. The uncertainty on the ratio includes the correlation between

Nχc1
and Nχc2

.

pT (J/ψ)[GeV/c] Nχc1
Nχc2

Nχc2
/Nχc1

7.0-9.0 618 ± 31 315 ± 25 0.510 ± 0.049

9.0-11.0 1680 ± 49 788 ± 38 0.469 ± 0.027

11.0-13.0 1820 ± 51 820 ± 38 0.451 ± 0.025

13.0-16.0 1768 ± 51 852 ± 39 0.482 ± 0.027

16.0-20.0 1270 ± 43 487 ± 31 0.383 ± 0.028

20.0-25.0 643 ± 31 237 ± 22 0.369 ± 0.040

4.6.2 Kinematic distributions from data

To understand the nature of this measurement we plot several kinematic distributions of con-

verted photons, J/ψ and χc candidates. Figure 4.11 and Figure 4.12 show the transverse

momentum pT and pseudorapidity η (rapidity y) distributions respectively for converted pho-

tons and J/ψs coming separately from χc1 and χc2 with the selection cuts in Table 4.4. We
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Figure 4.8: Fits to mass difference spectrum for χc candidates for pT (J/ψ) in [7.0−9.0] GeV/c

with χ2/nd f = 0.77 (top) and [9.0−11.0] GeV/c with χ2/nd f = 1.03 (bottom).
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with χ2/nd f = 0.9 (top) and [13.0−16.0] GeV/c with χ2/nd f = 0.9 (bottom).
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discriminate the χc1 from the χc2 by assuming that the χc1 candidates have an invariant mass

in the region 3.45 and 3.52 GeV/c2, while the χc2 candidates have invariant mass in the region

3.52 and 3.57 GeV/c2. The presence of background events and cross contamination is not

taken into account. The number of χc candidates is also not corrected for the efficiency and

acceptance of the two states.
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Figure 4.11: Transverse momentum (left) and pseudorapidity (right) distributions of con-

verted photons from χc1 (black) and χc2 (blue) in data with cuts from Table 4.4. The pseudo-

rapidity of the photon is in the range [−1.1,1.1] therefore the photon does not fly very far

from the J/ψ, see Figure 4.12.

With this crude assumption, we observe that the pT spectrum of γ and J/ψ from χc1 and χc2

are very similar for both states. The corresponding rapidity distributions are also very similar

and almost uniformly distributed in the range [−1,1].

Figure 4.13 shows the transverse momentum pT and rapidity y distributions of χc1 and χc2.

The pT distribution of χc2 is harder with respect to the pT distribution of χc1. Rapidity distri-

butions for both χc1 and χc2 are almost flat.

The azimuthal distributions, φ, for converted photons, J/ψ and χc are not plotted because they

are found to be symmetrical.
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Figure 4.12: Transverse momentum (left) and rapidity (right) distributions of J/ψ from χc1

(black) and χc2 (blue) in data with cuts from Table 4.4. The cut on the rapidity of the J/ψ in

[−1,1] is clearly visible.
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χc2 (blue) in data data with cuts from Table 4.4.
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4.7 Acceptance and efficiency studies with Monte Carlo

4.7.1 Measurement of the ratio of efficiencies ǫ1/ǫ2

Pythia Monte Carlo particle gun

To determine the ratio ǫ1/ǫ2 in Equations 4.7 and 4.8, a Monte Carlo simulation sample of

equal numbers of χc1 and χc2 is used. The ratio ǫ1/ǫ2 consists of the detector acceptance ratio

multiplied with the reconstruction efficiency ratio for χc1 and χc2. Detector acceptance is

defined as the probability to find the decay products of χc1 and χc2 within the fiducial region

of the CMS detector. This probability is less than one because certain events with generated

χc can be lost due to an imperfect detector. Reconstruction efficiency gives the probability

to reconstruct χc with respect to the total number of χc in the given fiducial region of the

detector.

The coefficient ǫ1/ǫ2 is a correction factor to the ratio of observed events and it gives the

correct ratio of expected events with χc1 and χc2.

The Monte Carlo sample is produced using Pythia particle gun [49] which is a generator

that generates only one type of particle. In our case this particle is χc1 or χc2. Additionally,

we configure the particle gun such that the χc1 and χc2 are generated in the rapidity range

|y| < 1.25 and in the pT range between 0 GeV/c and 40 GeV/c with the same pT spectrum

as the one observed by the CMS experiment for the ψ′ in the range between 5 GeV/c and 40

GeV/c. See below for more details on the generated input pT (χc) spectrum.

Input pT (χc) spectrum

We do not know the momentum spectra of the χc1 and χc2 mesons. For the Monte Carlo

generation of the χc, a reasonable assumption is the choice of the pT (ψ′) spectrum. This

choice is motivated by the proximity of the ψ′ mass with the χc1 and χc2 masses (mψ′ = 3.686

GeV/c2). Additionally, there exist a measurement of the pT (ψ′) spectrum [45] with CMS

detector in various rapidity ranges including the observed rapidity range of χc states.

We use the data available in [45] for the ψ′ momentum spectrum in the range |y(ψ′)| < 1.2

(observed |yχc1,c2
| < 1.1, see Figure 4.13) and parametrize the data using the expression
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where β and < p2
T
> are free parameters in the fit and their values are found to be β = 3.71±

0.27, < p2
T
>= 19.5±5.8.

The fitted pT (ψ′) spectrum used to model the pT (χc) spectrum is shown in Figure 4.14. Once

generated with Pythia Monte Carlo particle gun generator, the χc states are forced to decay to

J/ψ+γ.
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Figure 4.14: The pT spectrum measured in [45] is shown with data points. The green line is

the fitted spectrum with Equation 4.13 used as input distribution for the Pythia Monte Carlo

particle gun.

Decay angular distributions

Before proceeding with the next step towards the evaluation of the efficiency ratio ǫ1/ǫ2 lets

look at the angular distributions of the χc decay products . The angles between various parti-

cles in the process χc→ J/ψ+γ are indicated in Figure 4.15 where θ′ and φ′ are the polar and

azimuthal angles between positive muon as measured in the J/ψ rest frame and the direction

of the J/ψ as seen in the χc rest frame. The polar angle θ is between J/ψ in the χc rest frame

and χc direction in the laboratory. The angles θ′ and φ′ contain information on the polariza-
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tion of the J/ψ, while θ contains information on the polarization of the χc. The polarization

measures the degree to which the total angular momentum of a given particle is aligned with

respect to a chosen axis.

J/ψ

p p

χ
c

θ

θ', φ' 

μ+

μ-

γ

Figure 4.15: Production of χc in proton-proton collisions and its decay to J/ψ+γ. The polar

and azimuthal angles, θ′ and φ′, are between the positive muon as measured in the J/ψ rest

frame and the direction of the J/ψ as seen in the χc rest frame. Polar angle θ is between J/ψ

in the χc rest frame and χc direction in the laboratory.

The Pythia Monte Carlo particle gun generates isotropic distributions for both the photon from

the χc and the muons from the J/ψ. This is equivalent to say that the angular distributions

θ, θ′ and φ′ are isotropic. Isotropic values of θ mean unpolarized χc mesons, while isotropic

values of θ′ and φ′ mean that the angular momentum in the J/ψ rest frame is not conserved.

In general, the polar angle distribution, W(θ′), of the positive muon in the J/ψ rest frame,

independently of the J/ψ production mechanism, to first approximation is [52]
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W(θ′) = 1−λθ′ cos2 θ′. (4.14)

where λθ′ = 0 means absence of polarization, λθ′ = −1 means complete longitudinal polariza-

tion and λθ′ = 1 means complete transverse polarization of the J/ψ. The J/ψ has total angular

momentum J = 1 therefore there are three possible values for the third component of the an-

gular momentum, Jz = 0,±1. An unpolarized J/ψ has the same probability, 1/3, to be found

in each of the angular momentum eigenstates, Jz = −1,0,1. A transversely polarized J/ψ

has angular momentum component Jz = ±1 and a longitudinally polarized J/ψ has angular

momentum component Jz = 0.

In radiative decays, χc → J/ψ+ γ, it has been shown in [53, 54, 55] that the polar angle

distribution, W(θ′), of the positive muon in the J/ψ rest frame with respect to the J/ψ direction

as seen from the χc rest frame to first order approximation has always the form

W(θ′) = 1−1/3cos2 θ′ for χc1

W(θ′) = 1+1/13cos2 θ′ for χc2 (4.15)

independently of the polarization of χc1 and χc2. The angular distributions in Equations 4.15

are the integrated over θ and φ′ full decay angular distributions of χc1 and χc2 which will

be introduced in Section 4.9.4 and Appendix F. We apply a reweighting procedure to the

generated with the Monte Carlo particle gun χc mesons, to obtain the predicted and physically

correct decay angular distribution for the J/ψ shown in Equations 4.15.

Figures 4.16 and 4.17 illustrate cosθ′ distribution respectively for χc1 and χc2 before and after

reweighting. We do not reweight the angular distribution θ and assume that χc1 and χc2 are

produced unpolarized (θ distribution is isotropic) as the correct polarization is not known.

In Section 4.9.4 we will apply reweighting procedure and produce χc1 and χc2 in various

polarization states. We will assign a systematic uncertainty on the cross section ratio due to

the assumption of producing unpolarized χc states.

We have the decay products of χc1 and χc2 generated with Pythia Monte Carlo particle gun

with properly reweighted angular distributions and we are now ready to continue with the next

steps for the calculation of the efficiency ratio.
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Figure 4.16: Polar angle of the muon in the J/ψ rest frame with respect to the J/ψ direction

as seen from the χc1 rest frame. Left: before reweighting, right: after reweighting.
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Figure 4.17: Polar angle of the muon in the J/ψ rest frame with respect to the J/ψ direction

as seen from the χc2 rest frame. Left: before reweighting, right: after reweighting.
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Detector simulation, reconstruction and selection-1

At this step the decay products of χc1 and χc2 are processed through the full CMS detector

simulation using CMS software (CMSSW) which is based on the program GEANT4 [50, 51].

The GEANT4 is a software package used to simulate the passage of particles through matter.

The simulation processes included in the GEANT4 toolkit are information of size, shape,

material type and position of detector elements, generation of events, tracking through matter,

response of detector components etc. The simulation uses output of the Monte Carlo generator

which is in the form of particle four vectors and simulates the interaction of these particles

within the detector volume. The interactions can be separated in several categories: energy

loss by particle ionization and multiple scattering in tracker, particle decays, electromagnetic,

hadronic interactions etc. The result of the interactions are physical signals in the sensitive

detector element which are transformed into a digital signal with the help of electronics. This

step of simulation is also called digitization and the digitized data is called raw data. The raw

data from simulation has the same format as real raw data from collisions.

The simulated raw data is then processed through standard CMSSW reconstruction algo-

rithms, trigger selection (Table 4.3), χc reconstruction and χc selection (Table 4.4) as real

data.

Low pT tracks

At this point, we simulated only tracks originating from χc particles, µ+, µ− and γ tracks. To

be able to correctly determine the ratio ǫ1/ǫ2, we add to the simulated digitized signals of the

muon and the photon tracks produced with the step above additional digitized signals from

low pT tracks from the underlying event and pileup.

All particles that emerge from a single parton collision except the process of interest is called

underlying event. Pileup is a result of multiple interactions caused by the existence of many

parton collisions per bunch crossing. These interactions are with low momentum transfer and

they are most common in proton-proton collisions. As a result there can be several primary

vertices in one event which can make the reconstruction of a given decay process difficult. On

the other hand the probability of that process to occur in collisions becomes higher. Underly-

ing event and pileup interactions give origin to large number low momentum tracks.
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By adding tracks from the underlying event and pileup we achieve a more realistic way to

determine the ratio of efficiencies. This is because the reconstruction efficiency of converted

photons is very much influenced by the presence of low pT tracks in the tracker. The pattern

recognition algorithm that is at the base of the tracking building process is less efficient when

the number of hits in the CMS tracker increases, especially for low pT tracks.

We use the standard CMSSW mixing procedure [56] which adds tracks from the underlying

events and pileup to our muon, electron and positron tracks as simulated with CMSSW. The

mixing scheme which we used is mix E7TeV AVE 5 BX156 and it was chosen because it was

found to best match the observed distribution of the number or reconstructed primary vertices

with the reconstructed primary vertices in Run2011A and Run2011B.

Detector simulation, reconstruction and selection-2

At this step, the simulated digitized decay products of χc1 and χc2 are mixed with digitized

signals of low pT tracks from underlying event and pileup. They are both processed again

through reconstruction with CMSSW software, χc reconstruction and selection (Table 4.3

and Table 4.4) procedures. The final event sample is used to measure the acceptance and

efficiency correction factor.

Efficiency ratio

The ratio of efficiencies ǫ1/ǫ2 for different bins of pT (J/ψ), is obtained as

ǫ1

ǫ2

=
Nrec
χc1

N
gen
χc1

/
Nrec
χc2

N
gen
χc2

(4.16)

where Nrec
χc1

and Nrec
χc2

are the number of χc1 and χc2 candidates generated with Pythia Monte

Carlo particle gun and subsequently reconstructed with the CMS detector as explained above

with the selection cuts in Table 4.4. The numbers N
gen
χc1

and N
gen
χc2

represent the number of

χc1 and χc2 candidates generated with Pythia Monte Carlo particle gun as explained above in

the kinematic range |yJ/ψ| < 1.0 and pT (γ) > 0.5 GeV/c. The resulting values are shown in

Table 4.7, where the uncertainty is due to the limited size of the simulation sample and it is

assumed to be binomial.

The values of ǫ1/ǫ2 in Table 4.7 are almost constant for different pT (J/ψ) but they differ

from one. Hence, there is a difference between ǫ1 and ǫ2 or equivalently to say a difference
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Table 4.7: The values of ǫ1/ǫ2 obtained from Pythia Monte Carlo particle gun. The uncertain-

ties on ǫ1 and ǫ2 are statistical and they are assumed to be binomial.

p
J/ψ
T

[GeV/c] ǫ1/ǫ2

7.0-9.0 0.903 ±0.023

9.0-11.0 0.935 ±0.019

11.0-13.0 0.945 ±0.021

13.0-16.0 0.917 ±0.022

16.0-20.0 0.981 ±0.031

20.0-25.0 1.028 ±0.049

between the geometric acceptance and reconstruction efficiency of χc1 and χc2. The difference

can be influenced by the different pT spectrum for the muon pair originating from the J/ψ or

the different pT spectrum of the emitted photon. In Chapter 4.7.2 we present the transverse

momentum distributions of χc decay products and in Chapter 4.7.3 we measure the absolute

reconstruction efficiency of the χc photons. The combination of them leads to the origin of

the difference between the efficiencies ǫ1 and ǫ2.

4.7.2 Kinematic distributions from Monte Carlo

Kinematics of χc with pT (ψ′) input spectrum

Figures 4.18 and 4.19 show transverse momentum distributions of converted photons and the

J/ψ for χc1 and χc2 generated with Pythia Monte Carlo particle gun and reconstructed with

the CMS detector with selection cuts in Table 4.4. Figure 4.20 shows the same distribution

for the χc1 and χc2 candidates.

The plots lead to the conclusion that the transverse momentum spectrum of χc2 photon is

harder with respect to the χc1 photon and the transverse momentum distributions of J/ψ from

χc1 and χc2 are very similar both at the generation and reconstruction level. The transverse

momentum spectra of generated χc in Figure 4.20 are almost identical as expected because

both of them were generated with identical input pT (ψ′) spectrum. To quantify the differ-

ence between photon and J/ψ momentum spectra for both states we make another ”invalid”

assumption for χc input pT spectrum. This is discussed below.

Kinematics of χc with flat pT input spectrum
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Figure 4.18: pT distributions for the converted photons coming from χc1 and χc2 as generated

with Pythia Monte Carlo particle gun with pT (ψ′) input spectrum for χc (left) and recon-

structed with CMS detector with applied cuts in Table 4.4 (right).
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Figure 4.19: pT distributions for the J/ψ coming from χc1 and χc2 as generated with Pythia

Monte Carlo particle gun with pT (ψ′) input spectrum for χc (left) and reconstructed with CMS

detector with applied cuts in Table 4.4 (right).
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Figure 4.20: pT distributions for χc1 and χc2 as generated with Pythia Monte Carlo particle

gun with pT (ψ′) input spectrum for χc (left) and reconstructed with CMS detector with applied

cuts in Table 4.4 (right).

The χc1 and χc2 are generated with a pT spectrum which populates all bins equally (flat pT

spectrum). The assumption of a flat pT input spectrum for χc is useful because it gives the

possibility to study relations between other kinematic variables of χc1 and χc2. This assump-

tion later will be used to calculate systematics from unknown χc momentum spectrum.

We plot pT (χc) vs pT (J/ψ) and pT (J/ψ) vs pT (γ) on Figure 4.21 and Figure 4.22 for χc1

and χc2. In Figure 4.21, the slope of the mean distribution is 0.875± 0.001 for the χc1 and

0.879±0.001 for the χc2, showing that the J/ψ takes most of the transverse momentum of the

χc, with a very small difference between the two states. In Figure 4.22, the slope of the mean

distribution is 0.128± 0.001 and 0.142± 0.001 respectively, showing that photons from the

χc2 have on average a 10% higher pT with respect to photons from χc1.

4.7.3 Absolute χc photon reconstruction efficiency

To have a quantitive understanding of the acceptance and reconstruction efficiency of χc we

evaluate

ǫ(χc) =
Nrec
χc

N
gen
χc

(pT (γ)) (4.17)
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Figure 4.21: pT (J/ψ) vs pT (χc) with mean distributions superimposed for χc1 (top) and χc2

(bottom) generated with Pythia Monte Carlo particle gun with flat pT input spectrum for χc.

The slopes of the mean distributions are 0.875 and 0.879 respectively.
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(bottom) generated with Pythia MC particle gun with flat pT input spectrum for χc. The

slopes of the mean distributions are 0.128 and 0.142 respectively.
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as a function of pT (γ), where Nrec
χc

is the number of χc1 and χc2 candidates generated with

Pythia Monte Carlo particle gun and subsequently reconstructed with the CMS detector with

the selections in Table 4.4 and N
gen
χc

is the number of generated χc1 and χc2 with Pythia Monte

Carlo particle gun in the kinematic range |yJ/ψ| < 1.0 and pγ > 0.5 GeV/c. The efficiency ǫ(χc)

is proportional to

ǫ(χc) ∝ ργconv× ǫγreco× ǫχc

sel
(4.18)

where ρ
γ
conv is the probability for a photon to convert in the tracker, ǫ

γ
reco is the photon conver-

sion reconstruction efficiency and ǫ
χc

sel
is the χc selection efficiency. The conversion probability

of a photon is

ρ
γ
conv ∝

1

λγ
∝ P

X0

(4.19)

where λγ is the mean free path of the photon to convert into an e+e− pair in the tracker. The

factor P
X0

is the average conversion probability where P ∼ 7/9 [57] and X0 is the radiation

length (thickness of material where an electron reduces its energy by a factor of 1/e emitting

bremsstrahlung radiation). The value of X0 varies with pseudorapidity, η, and azimuthal angle,

φ, in the tracker depending on the material distribution as explained in Chapter 3. On average,

about 70% of all the photons convert into an e+e− pair in the tracker.

The convolution of the conversion probability, the reconstruction and the selection efficiency,

ρ
γ
conv × ǫγreco × ǫχc

sel
, is shown in Figure 4.23 as a function of pT of the photon in the pseudora-

pidity range |η(γ)| < 1.

Figure 4.23 is very important because it shows the very small probability of the χc photon to

convert and its very small reconstruction efficiency. Most of the χc photons are in the range

0.5−5.0 GeV/c (Figures 4.11 and 4.18). The slope of the efficiency curve between 0.5−5.0

GeV/c is very steep which leads to a large variation in the reconstruction of χc photons in that

region. This combined with the different momentum spectra for χc1 and χc2 photons leads

to their different acceptance with CMS detector (the value of ǫ1/ǫ2 is different from one, see

Table 4.7).

In Chapter 4.8, we will show that our measurement of ǫ1/ǫ2 is stable and not affected by a
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Figure 4.23: Conversion probability and reconstruction efficiency of χc photons as a function

of photon transverse momentum measured with Pythia Monte Carlo particle gun in |η(γ)| < 1.

possible error in the estimation of the efficiency curve in Figure 4.23 with our Monte Carlo.

Since the value of the radiation length, X0, varies with pseudorapidity which affects the con-

version probability, we studied the dependence of ρ
γ
conv× ǫγreco× ǫχc

sel
as a function of the pseu-

dorapidity of the photon in the ranges [−1.0,−0.6], [−0.6,−0.2], [−0.2,0.2], [0.2,0.6], [0.6,1.0].

We did not find significant fluctuations in ρ
γ
conv × ǫγreco × ǫχc

sel
for the different pseudorapidity

ranges of the χc photon.

4.7.4 Reconstruction efficiency for J/ψ

In Chapter 4.7.2, we showed that the transverse momentum distributions of the J/ψ from χc1

and χc2 are very similar. Below we quantify the similarity in the acceptance of the J/ψ from

χc1 and χc2. We estimate the ratio of reconstruction efficiencies for J/ψ coming from χc1 and

χc2, by comparing the number of reconstructed J/ψ with respect to the generated J/ψ in the

following way
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ǫ1

ǫ2

(J/ψ) =
Nrec

J/ψ

N
gen

J/ψ

(χc1)/
Nrec

J/ψ

N
gen

J/ψ

(χc2) (4.20)

where N
gen

J/ψ
are the generated J/ψ from χc1 and χc2 with Pythia Monte Carlo particle gun

as explained above but without applying the mixing procedure with low pT tracks in the

kinematic range |yJ/ψ| < 1.0. The generated with Pythia Monte Carlo particle gun without

the mixing procedure and subsequently reconstructed with CMS J/ψ from χc1 and χc2 in the

kinematic range range |yJ/ψ| < 1.0 are given by Nrec
J/ψ

. The ratio ǫ1

ǫ2
(J/ψ) is calculated for the

usual pT (J/ψ) ranges and it is shown in Figure 4.24. The values for all ranges are consistent

with one within statistical uncertainties and show the similar acceptance of J/ψ from χc1 and

χc2.

) [GeV/c]ψ(J/
T

p
6 8 10 12 14 16 18 20 22 24 26

)
ψ

 (
J

/
2

∈
 /
 

1
∈

0.98

0.985

0.99

0.995

1

1.005

1.01

1.015

1.02

Figure 4.24: Ratio of the J/ψ detection efficiencies for J/ψ produced by decay of the sim-

ulated χc1 and χc2. The values of the ratio of the J/ψ detection efficiencies for all pT (J/ψ)

ranges are consistent with one within statistical uncertainties.
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4.8 Consistency checks

Reweighting procedure

We want to test the assumption on the production pT spectrum of the χc1 and χc2 states.

For that we compare the spectra obtained from the Pythia Monte Carlo particle gun with the

spectra obtained experimentally. To separate the χc1 and χc2 states in data, we start from the

spectrum of all χc candidates and define as χc1 candidates the ones with invariant mass in the

window [3.45,3.52] GeV/c2 and as χc2 candidates the ones with invariant mass in the window

[3.52,3.57] GeV/c2. Their spectra are shown in Figure 4.13.

The ratio histograms of the generated and measured pT spectra for χc1 and χc2 is used as a

weight to reweight the events generated with the Pythia particle gun. The goal is to match

the generated and observed pT spectra for χc1 and χc2. We recalculate the ratio ǫ1/ǫ2 using

reweighted events when counting the numbers Nrec
χc1

and Nrec
χc2

in Equation 4.16. The values of

N
gen
χc1

and N
gen
χc2

in Equation 4.16 remain the same as in the default case.

The comparison between the default method in Section 4.7 and the method with reweight-

ing gives a maximum difference of 3% in the ratio ǫ1/ǫ2. For example, in the range 7.0 <

pT (J/ψ) < 25.0 GeV/c we obtain ǫ1/ǫ2 = 0.958 ± 0.022 for the default case and ǫ1/ǫ2 =

0.935±0.022 for the weighted case.

Stability of the results with photon pT

We calculate the ratios Nχc2
/Nχc1

and ǫ1/ǫ2 for different cuts on pT (γ), namely 0.75, 1.00 and

1.25 GeV/c, and compare their values with the default cut value of pT (γ) = 0.5 GeV/c. This is

done to ensure that the result for
Nχc2

Nχc1

· ǫ1

ǫ2
is not dependent on the steep photon reconstruction

efficiency, see Figure 4.23. The fluctuations of
Nχc2

Nχc1

· ǫ1

ǫ2
for different cuts are of the order of

2% with maximum difference in the first pT (J/ψ) bin of 6%. The fluctuations are all within

the statistical uncertainties.

Effect of the π0 rejection cut

The π0 rejection cut which is used for the selection of χc mesons in Table 4.4 could bias the

measurement of Nχc2
/Nχc1

. Since χc2 emits slightly harder photons, this cut could favor the

selection of slightly lower pT photons from χc1 causing an increase of the efficiency for χc2.
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We calculated the values of Nχc2
/Nχc1

and ǫ1/ǫ2 without applying the π0 rejection cut, see

Tables 4.8 and 4.9, and found them to be compatible with the default values.

Table 4.8: Values of Nχc2
/Nχc1

without π0 cut.

p
J/ψ
T

[GeV/c] Nχc1
Nχc2

Nχc2
/Nχc1

7.0-9.0 697 ± 34 338 ± 28 0.485 ± 0.048

9.0-11.0 1922 ± 56 912 ± 43 0.475 ± 0.027

11.0-13.0 2166 ± 58 978 ± 44 0.452 ± 0.024

13.0-16.0 2038 ± 57 957 ± 44 0.470 ± 0.026

16.0-20.0 1464 ± 48 566 ± 35 0.387 ± 0.028

20.0-25.0 738 ± 35 260 ± 25 0.353 ± 0.040

Table 4.9: Values of ǫ1/ǫ2 without π0 cut.

p
J/ψ
T

[GeV/c] ǫ1/ǫ2

7.0-9.0 0.902 ± 0.028

9.0-11.0 0.890 ± 0.017

11.0-13.0 0.909 ± 0.016

13.0-16.0 0.939 ± 0.016

16.0-20.0 0.922 ± 0.017

20.0-25.0 0.956 ± 0.022

4.9 Systematic studies

We study separately systematic uncertainties on the ratios Nχc2
/Nχc1

and ǫ1/ǫ2. The systematic

uncertainties on Nχc2
/Nχc1

come from the fit to χc1 and χc2 mass distributions while the sys-

tematic uncertainties on ǫ1/ǫ2 come from simulation sample size, the effect of small changes

in the efficiency curve (Figure 4.23) and the choice of the pT (χc) spectrum. Additionally, we

investigate the effect of pileup on the ratio Nχc2
/Nχc1

and the effect of tracker material and the

unknown χc polarization on ǫ1/ǫ2.

4.9.1 Uncertainty from mass fit

Signal Model

To check that the Double Crystal Ball function provides a good representation of the χc1
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and χc2 signals, we use directly the invariant mass histograms of χc1 and χc2 obtained with

the Pythia Monte Carlo particle gun. The Monte Carlo histograms act as template signal

PDF in the extended maximum likelihood minimization in Equation 4.11. We compare the

ratio of reconstructed χc1 and χc2 candidates, Nχc2
/Nχc1

, obtained with Double Crystal Ball

parametrization and template PDFs and found them to be equivalent with a maximum differ-

ence of 1% in the first pT (J/ψ) bin. Therefore we do not assign a systematic uncertainty.

We estimate systematic uncertainties from the parametrization of our resolution function as

defined in Section 4.6.1 by varying the double-sided Crystal Ball parameters σ, αl and αr in

Table 4.5 which were derived from the Pythia Monte Carlo particle gun within their uncertain-

ties. Then, we build the ratio Nχc2
/Nχc1

for all possible variations of those parameters. Their

values can be found in Appendix D. We observe that the largest deviations from the default

value of Nχc2
/Nχc1

come from variations of the parameter αl for χc2 (cases [9] and [10]). The

maximum deviation with respect to the default case in the last pT (J/ψ) bin [20−25] is about

four times larger than the deviations in the other bins. This is related to the fact that in the last

pT (J/ψ) bin the number of reconstructed χc candidates is very low which affects the precision

of the measurement.

We quote as a systematic uncertainty the maximum relative difference in Nχc2
/Nχc1

obtained

with parameter variations and our default value. For the pT (J/ψ) bin [20− 25] we assume a

systematic uncertainty of the order of the uncertainties in the other pT bins. The values of

these systematic uncertainties are reported in Table 4.13.

Background Model

Systematic uncertainty from the background model parametrization is assigned by using an

alternative background PDF defined as [4]

S B =

(

1− exp

(

−Q−q0

c

))

·
(

Q

q0

)a

+b ·
(

Q

q0

−1

)

(4.21)

where Q = mγµµ −mµµ +mPDG
J/ψ

, q0 = 3.2 and a, b and c are free parameters in the fit. The S B

is empirical function which has been used to model the background in the D∗±−D0 invariant

mass difference distribution. We take the relative difference in Nχc2
/Nχc1

obtained with this

parametrization and our default parametrization as systematic uncertainty, see Table 4.13.
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4.9.2 Uncertainty on the ratio of efficiencies ǫ1/ǫ2

Simulation sample size

We have generated 240 million events with χc1 and χc2 using Pythia Monte Carlo particle

gun. The sample is of such a big size due to the fact that the reconstruction efficiency of

converted photons with the CMS tracker is very low. As it was discussed in Chapter 4.7.3

and Figure 4.23 for pT (γ) = 0.5 GeV/c, the reconstruction efficiency of the converted photons

is 0.01% while for pT (γ) = 4 GeV/c it is about 1%. Therefore a Monte Carlo sample of a

considerable size is needed for a proper calculation of the ratio ǫ1/ǫ2.

The statistical uncertainty on ǫ1/ǫ2, see Table 4.7, from the limited simulation sample size is

accounted as a systematic uncertainty and their values are reported in Table 4.13.

Efficiency curve shift

We further check the stability of the ratio of efficiencies ǫ1/ǫ2 by estimating the effect of small

changes in the efficiency curve with our Monte Carlo in Section 4.7.3. The uncertainty on the

efficiency curve is simulated by artificially applying a shift upward by 5% and leftward by 5%.

We, then, recalculate the values of Nrec
χc1

and Nrec
χc2

in Equation 4.16 by applying a weight to the

generated events N
gen
χc1

and N
gen
χc2

. The weight depends on the pT of the converted photon and it

is calculated by fitting the efficiency curve in Figure 4.23. Then, the ratio ǫ1/ǫ2 is recalculated

using the new values of Nrec
χc1

and Nrec
χc2

.

The upward shift of 5% of the efficiency curve has no effect because it cancels in the ratio.

The leftward shift of 5% has an impact which depends on pT (J/ψ). The maximum deviation

between the defaul and shifted values of ǫ1/ǫ2 is in the pT (J/ψ) bin [20− 25] and it is about

1% therefore we chose to not assign a systematic uncertainty.

Choice of pT (χc) spectrum

As discussed in Section 4.7, we modeled the pT (χc) spectrum with the pT (ψ′) distribution

measured with the CMS experiment. Two variations for the pT (χc) spectrum are investigated

and a systematic uncertainty is assigned with respect to the default case. The first variation

uses the pT (J/ψ) spectrum measured with CMS experiment and the second generates χc with

a flat pT spectrum. Similarly to the pT (ψ′) spectrum, we use the data available in [45] for

the J/ψ momentum spectrum in the range |y(J/ψ)| < 0.9 and parametrize the data using the
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expression in Equation 4.13. The fitted pT (J/ψ) spectrum used to model the pT (χc) spectrum

is shown in Appendix E.

The ratio ǫ1/ǫ2 is evaluated for both hypotheses and the corresponding results compared with

the default values are shown in Table 4.10.

Table 4.10: Values of ǫ1/ǫ2 for different choices of input pT (χc) spectrum.

pT (J/ψ) ψ′ J/ψ flat

7.0-9.0 0.903 ± 0.023 0.910 ± 0.022 0.963 ± 0.027

9.0-11.0 0.935 ± 0.019 0.924 ± 0.018 0.956 ± 0.018

11.0-13.0 0.945 ± 0.021 0.973 ± 0.021 0.964 ± 0.018

13.0-16.0 0.917 ± 0.022 0.926 ± 0.023 0.987 ± 0.018

16.0-20.0 0.981 ± 0.031 0.899 ± 0.028 0.961 ± 0.020

20.0-25.0 1.028 ± 0.049 1.022 ± 0.046 1.004 ± 0.026

The values of ǫ1/ǫ2 evaluated using the pT (J/ψ) spectrum are statistically compatible with the

corresponding values of ǫ1/ǫ2 using the pT (ψ′) spectrum. The flat pT spectrum is the extreme

scenario with respect to the observed rapidly falling χc momentum distribution. The relative

differences between the ψ′ spectrum and the flat pT spectrum vary between 2% and 7% in

various pT (J/ψ) ranges.

We use the difference in the ratio ǫ1/ǫ2 between the flat pT spectrum and the pT (ψ′) spectrum

to evaluate the systematic uncertainty associated to the choice of the input pT spectrum. To

do so, we fit the values of ǫ1/ǫ2 obtained with the flat case and ψ′ case with a straight line, and

we quote as relative systematic uncertainty the relative difference between the fit function at

any given value of pT (J/ψ). This procedure is illustrated in Figure 4.25 and the corresponding

results are in Table 4.13.

Tracker material

Reliable determination of ǫ1/ǫ2 relies on the correct simulation of the tracker detector mate-

rial. The tracker geometry, as implemented in CMSSW, consists of 350000 volumes, 95% of

which filled with an average mixture of components from the real tracker like support struc-

ture, cooling and power elements etc. The other 5% of the volumes are silicon sensors which

are the most accurately known components of the tracker. A detailed table in [58] shows the

basic components of the tracker volume. Therefore by definition the material in the tracker

is described only approximately. The quantity used to determine the impact of the tracker
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Figure 4.25: Values of ǫ1/ǫ2 for the ψ′ and flat input spectrum and their fit to a straight line.

Uncertainties are statistical and are due to limited size of the simulation sample.

material on the reconstruction performance of charged particle tracks is the radiation length,

X0.

Two modified material scenarios are prepared as in [58] and they correspond to a minimal and

maximal increase of the average radiation length, Xmin
0
= −3% and Xmax

0
= 8%, by assuming

that 5% of the tracker mass is not represented in the simulation.

The resulting values of ǫ1/ǫ2 in the range 7.0 < pT (J/ψ) < 25.0 GeV/c are 0.955± 0.007,

0.951± 0.009, and 0.948± 0.009 respectively for nominal geometry, Xmin
0

and Xmax
0

. This

shows that increase or decrease in the conversion probability for both states cancels in the

ratio. No significant difference in ǫ1/ǫ2 is observed and the corresponding systematic uncer-

tainty is assumed to be negligible.

4.9.3 Pileup

The LHC instantaneous luminosity in 2011 was high enough that there are many parton colli-

sions per bunch crossing. Apart from the hard process of interest there are many interactions
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which are characterized with small momentum transfer. These multiple interactions are called

pileup interactions. As a result of the pileup interactions, the number of primary vertices in

the events increases.

The 2011 data is divided into two periods, 2011A and 2011B, see Table 4.2, which are char-

acterized with different instantaneous luminosities. Different instantaneous luminosity leads

to a different average number of primary vertices per bunch crossing. Multiple vertices and

increased track density influence the reconstruction efficiency of the χc candidates. The sta-

bility of our analysis as a function of the number of primary vertices in the event has been

investigated.

The number of primary vertices for each periods, 2011A and 2011B, is shown in Figure 4.26.

For 2011A period most of the events have on average six primary vertices, for 2011B period

the average number of vertices is nine and they are distributed in the z direction with spread of

6 cm. We perform two studies to check the stability of our measurement: calculate the ratio

Nχc2
/Nχc1

in bins up to a given number of vertices as well as in individual bins of number of

vertices, see Table 4.11.

Table 4.11: Number of vertices in bins up to a given number (Case 1) and in individual bins

(Case 2) for Run 2011A and Run 2011B.

Run 2011A

Case 1

[1−2], [1−3], [1−4], [1−5]

[1−6], [1−7], [1−8], [1−9]

[1−10], [1−11], [1−12], [1−13]

[1−14], [1−15], [1−16]

Case 2 [1−4], [5−6], [7−8], [9−16]

Run 2011B

Case 1

[1−2], [1−3], [1−4], [1−5]

[1−6], [1−7], [1−8], [1−9]

[1−10], [1−11], [1−12], [1−13]

[1−14], [1−15], [1−16], [1−17], [1−18]

Case 2 [1−4], [5−6], [7−9], [10−18]

For example, bin [1− 2] means events with number of primary vertices 1 and 2, bin [1− 4]

means events with number of primary vertices between 1 and 4. The ratio Nχc2
/Nχc1

is calcu-

lated and plotted for each bin of primary vertices. The results are illustrated in Figure 4.26.

Both studies show independence of Nχc2
/Nχc1

from the number of primary vertices in the
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Figure 4.26: Top: Distribution of the number of primary vertices in Run2011A (left) and

Run2011B (right). Middle: stability of the ratio Nχc2
/Nχc1

in bins up to a given number of

vertices (Case 1) for Run2011A (left) and Run2011B (right). Bottom: stability of the ratio

Nχc2
/Nχc1

for individual bins of the number of vertices (Case 2) for Run2011A (left) and

Run2011B (right).
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event. For Case 1, the ratio of Nχc2
/Nχc1

for all bins up to a given number converges to the

value of Nχc2
/Nχc1

obtained with the maximum number of primary vertices observed in data

(the last data point in the middle plots in Figure 4.26). The fluctuations in the first bin for

Run2011A are due to low statistics. The ratio of Nχc2
/Nχc1

for Case 1 and Case 2 has been

fitted with a straight line. The maximum deviation from the straight line is statistically not sig-

nificant and it is quantitatively measured by the corresponding p value of the χ2 distribution.

For 2011A period it is p = 0.99(Case 1)/0.09(Case 2) and for 2011B period it is p = 1(Case

1)/0.84(Case 2). Therefore we do not assign a systematic uncertainty due to pileup.

4.9.4 χc polarization

The χc polarization influences the angular correlation between the χc decay products and

hence the γ and the J/ψ transverse momentum distribution. This consequently affects the

efficiency of their detection with the CMS experiment. For the calculation of the ratio of effi-

ciencies ǫ1/ǫ2 we used the Monte Carlo particle gun which generates unpolarized χc particles.

Since the polarization of χc1 and χc2 is unknown we evaluate the ratio of efficiencies with a

coefficient that takes different χc polarization states into account.

The χc decay depends on three angles which define the angular correlations among χc, J/ψ

and γ, see Figure 4.15. It was discussed in Section 4.7 that the angular distributions for

θ, θ′ and φ′ as generated with the Monte Carlo particle gun are isotropic. The isotropic θ′

distribution was corrected by a reweighting procedure to reproduce the physically correct

decay angular distribution for the J/ψ.

To account for χc polarization, we reweight all angular distributions with a function W(θ,θ′,φ′) [53,

63] which predicts the angular distribution of decay products for different polarization sce-

narios of χc. These decay angular distributions are calculated as a function of the angular

momentum composition of the decaying χc meson and of the multipole structure of the pho-

ton radiation.

Decay angular distributions W(θ,θ′,φ′)

The decay angular distribution W(θ,θ′,φ′) for χc1 and χc2 are parametrized as
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• χc1

W(θ,θ′,φ′) = k1+ k2 cos2 θ+ (k3+ k4 cos2 θ)cos2 θ′

+k5 sin2 θ sin2 θ′ cosφ′ (4.22)

• χc2

W(θ,θ′,φ′) = k1+ k2 cos2 θ+ k3 cos4 θ+ (k4+ k5cos2θ+ k6cos4θ)cos2θ′

+(k7+ k8 cos2 θ+ k9 cos4 θ)sin2θ′ cos2φ′

+(k10+ k11 cos2 θ) sin2θ sin2θ′ cosφ′ (4.23)

where θ is the polar angle of the J/ψ with respect to the proton direction in the χc rest frame,

θ′ and φ′ are the polar and azimuthal angles of the muon in the J/ψ rest frame with respect

to the J/ψ direction seen from the χc rest frame. More information about the decay angular

distributions W(θ,θ′,φ′) with explanation of the meaning of the various coefficients can be

found in Appendix F.

The angular distributions, W(θ,θ′,φ′), depend on the choice of the coordinate system. There

are two standard coordinate systems [52] to study quarkonium polarization, the helicity and

Collins-Soper [59] frames, with respect to which the momenta of decay products are ex-

pressed in spherical coordinates. The two frames use different convention for the orientation

of the z axis: the flight direction of the χc in center-of-mass of the colliding beams (helicity

frame) and the bisector of the angle between one beam and the opposite of the other beam in

the χc rest frame (Collins-Soper frame). The two frames are mutually orthogonal by a rota-

tion of 90◦ around the y axis, defined as a perpendicular to the plane of the colliding beams

momenta. Since we do not know the χc polarization, for the evaluation of W(θ,θ′,φ′) we use

both coordinate systems.

We define several polarization cases for the χc1 and χc2 mesons in the following way. The χc1

and χc2 mesons have total angular momentum, J, equal to 1 and 2 respectively. The helicity,

h = ~J · ~p/|~p|, is defined as a projection of the particle’s total angular momentum, ~J, along its

momentum direction ~p. Therefore the χc1 states can have helicities hχc1
= 0, ±1 while the χc2

states can have helicities hχc2
= 0, ±1, ±2. An unpolarized χc1 has the same probability to be
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found in each of the helicity states, −1,0,1 and an unpolarized χc2 has the same probability

to be found in each of the helicity states, −2,−1,0,1,2.

Figure 4.27 shows the cosθ angular distributions for unpolarized χc1 and χc2 and different

helicity states of χc1 and χc2 after reweighting with angular distributions W(θ,θ′,φ′) in helicity

frame. Figure 4.28 shows how the pT (γ) distribution changes with different polarization

scenarios. This effect is related to the different photon direction, cosθ, for various χc helicity

states in combination with the boost direction in proton-proton center-of-mass frame. The

corresponding cosθ and pT (γ) distributions in Collins-Soper frame are shown in Appendix G.
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Figure 4.27: Angle between the direction of the J/ψ and χc as seen in χc rest frame for

unpolarized, helicities 0, ±1 and ±2 χc states in the helicity frame. Left: χc1, right: χc2.

The pT (γ) distributions change for different polarization scenarios which affects the efficiency

of the photon detection with the CMS detector. As a result, the ratio ǫ1/ǫ2 changes for dif-

ferent χc polarization scenarios. Therefore we evaluate the ratio ǫ1/ǫ2 using Equation 4.16

for unpolarized χc1 or with helicity hχc1
= 0, ±1 in combination with unpolarized χc2 or with

helicity hχc2
= 0, ±1, ±2. Both of the values Nrec and Ngen in Equation 4.16 are evaluated

by assuming that the χc1 and χc2 states are produced in a specific helicity state. Table 4.12

reports correction factors to default measurement of ǫ1/ǫ2 for different polarization scenarios

and for each pT (J/ψ) range in helicity frame where the correction factor P is calculated as

P(hχc1
,hχc2

) =
R(hχc1

,hχc2
)

R(Unpolarizedχc1
,Unpolarizedχc2

)
. (4.24)
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Figure 4.28: pT distributions of the photon from χc1 (left) and χc2 (right) for unpolarized,

helicities 0, ±1 and ±2 χc states in the helicity frame.

The values of R(Unpolarizedχc1
,Unpolarizedχc2

) are reported in Table 4.7 and the values of

R(hχc1
,hχc2

) is the ratio ǫ1/ǫ2 calculated for different helicity combinations. The maximum

deviation with respect to the unpolarized case is for helicity combinations (hχc1
,hχc2

) = (0,0)

and (hχc1
,hχc2

) = (±1,±2) found to be about P ∼ 0.73 and P ∼ 1.29 respectively. The same

table corresponding to Collins-Soper frame can be found in Appendix G. Again, we observe

that the maximum deviation with respect to the unpolarized case is for helicity combinations

(hχc1
,hχc2

) = (0,0) and (hχc1
,hχc2

) = (±1,±2) but this effect is smaller with respect to the one

observed in the helicity frame.

4.9.5 Systematics summary

Table 4.13 gives a summary of the various sources of systematic uncertainties. The total un-

certainty is calculated as the sum of individual uncertainties in quadrature. At low pT (J/ψ),

systematics are dominated by the choice of pT (χc) spectrum, at high pT (J/ψ) they are dom-

inated by signal and background model parametrization. The major source of uncertainty

comes from simulation sample size and it equally populates all pT (J/ψ) bins.

We chose to report the systematic uncertainties from χc polarization separately and they will

be discussed in Section 4.10.
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Table 4.12: The values of ǫ1/ǫ2 for different polarization scenarios in the helicity frame rela-

tive to the unpolarized case.

P(hχc1
,hχc2

)
pT (J/ψ)[GeV/c]

7−9 9−11 11−13 13−16 16−20 20−25

P(Unpolarized,0) 0.886 0.871 0.855 0.857 0.847 0.862

P(Unpolarized,±1) 0.920 0.935 0.938 0.930 0.945 0.935

P(Unpolarized,±2) 1.203 1.204 1.212 1.201 1.201 1.172

P(0,Unpolarized) 0.832 0.839 0.848 0.848 0.854 0.861

P(±1,Unpolarized) 1.077 1.072 1.068 1.068 1.067 1.064

P(0,0) 0.737 0.730 0.725 0.727 0.723 0.743

P(0,±1) 0.765 0.783 0.795 0.788 0.806 0.805

P(0,±2) 1.001 1.010 1.028 1.019 1.025 1.010

P(±1,0) 0.954 0.933 0.913 0.916 0.904 0.917

P(±1,±1) 0.991 1.003 1.001 0.993 1.008 0.995

P(±1,±2) 1.295 1.291 1.294 1.283 1.281 1.247

Table 4.13: Relative systematic uncertainties on
σ(χc2)B(χc2)

σ(χc1)B(χc1)
for various pT (J/ψ) from different

sources and the sum of individual uncertainties in quadrature.

pT (J/ψ) range [GeV/c] 7−9 9−11 11−13 13−16 16−20 20−25

Source of uncertainty Relative uncertainty (%)

Simulation Sample Size 2.6 2.0 2.2 2.4 3.1 4.8

Choice of pT (χc) spectrum 4.5 3.7 2.9 1.9 0.6 1.1

Signal Model 1.4 3.0 1.1 1.5 1.6 2.2

Background Model 1.4 1.5 0.9 1.2 1.8 2.4

Total uncertainty 5.5 5.4 3.9 3.6 4.0 5.9

4.10 Results

The results of the measurements of

σ(pp→ χc2+X)

σ(pp→ χc1+X)
and

σ(pp→ χc2+X)B(χc2→ J/ψ+γ)

σ(pp→ χc1+X)B(χc1→ J/ψ+γ)
(4.25)

are reported in Tables 4.14 and 4.15 for different ranges of pT (J/ψ). The ratio of decay

branching fractions is

B(χc1→ J/ψ+γ)

B(χc2→ J/ψ+γ)
=

34.4±1.5

19.5±0.8
= 1.76±0.10 (4.26)

assuming the two values are uncorrelated. Therefore the systematic uncertainty on the ratio
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of cross sections due to branching ratio uncertainties is about 6%. In Tables 4.14 and 4.15

the first uncertainty is statistical, the second uncertainty is systematic and the third uncer-

tainty in Table 4.15 comes from the branching fractions. Separate columns are dedicated

to the uncertainty deriving from the extreme polarization scenarios (hχc1
,hχc2

) = (0,0) and

(hχc1
,hχc2

) = (±1,±2) in the helicity and Collins-Soper frames. They show that the uncertainty

from unknown χc polarization can change the ratio σ(χc2)/σ(χc1) by 25%. In Figure 4.29 a

visual representation of the results is given.

Table 4.14: Measurements of
σ(χc2)B(χc2)

σ(χc1)B(χc1)
for various values of pT (J/ψ). The first uncertainty

is statistical, the second is systematic. The last two columns report the uncertainty deriving

from the extreme polarization scenarios in the helicity and Collins-Soper frames.

pT (J/ψ)[GeV/c]
σ(χc2)B(χc2)

σ(χc1)B(χc1)
Pol. HX Pol. CS

7.0-9.0 0.460± 0.044(stat) ± 0.025(syst) +0.136
−0.121

+0.037
−0.023

9.0-11.0 0.439± 0.025(stat) ± 0.024(syst) +0.128
−0.119

+0.052
−0.035

11.0-13.0 0.426± 0.024(stat) ± 0.017(syst) +0.125
−0.117

+0.059
−0.042

13.0-16.0 0.442± 0.025(stat) ± 0.016(syst) +0.125
−0.121

+0.065
−0.044

16.0-20.0 0.377± 0.028(stat) ± 0.015(syst) +0.106
−0.104

+0.059
−0.042

20.0-25.0 0.379± 0.041(stat) ± 0.022(syst) +0.094
−0.097

+0.055
−0.040

Table 4.15: Measurements of σ(χc2)/σ(χc1) for various values of pT (J/ψ). The first uncer-

tainty is statistical, the second is systematic, the third is the branching fractions uncertainty.

Two separate columns report the uncertainty deriving from the extreme polarization scenarios

in the helicity and Collins-Soper frames.

pT (J/ψ)[GeV/c] σ(χc2)/σ(χc1) Pol. HX Pol. CS

7.0-9.0 0.811±0.078 (stat) ± 0.045 (syst) ± 0.046(B) +0.239
−0.213

+0.066
−0.041

9.0-11.0 0.774±0.044 (stat) ± 0.042 (syst) ± 0.044(B) +0.225
−0.209

+0.092
−0.061

11.0-13.0 0.752±0.042 (stat) ± 0.029 (syst) ± 0.043(B) +0.221
−0.207

+0.105
−0.074

13.0-16.0 0.780±0.044 (stat) ± 0.028 (syst) ± 0.044(B) +0.221
−0.213

+0.115
−0.078

16.0-20.0 0.665±0.049 (stat) ± 0.027 (syst) ± 0.038(B) +0.187
−0.184

+0.104
−0.074

20.0-25.0 0.669±0.072 (stat) ± 0.039 (syst) ± 0.038(B) +0.165
−0.172

+0.096
−0.070
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Figure 4.29: Ratio of the χc2 to χc1 production cross sections (circles) and the ratio of the

cross sections times the branching fractions to J/ψ+ γ (squares) as a function of the J/ψ

transverse momentum. The green band corresponds to the systematic uncertainties and the

error bars to the statistical uncertainties. For the cross section ratios the 6% uncertainty from

the branching fractions is not included [64].
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4.11 Comparison with theory

We compare our results with two theory predictions: kT factorization [60, 61] and next-to-

leading order (NLO) Non-Relativistic QCD [28].

The first calculation predicts that both χc1 and χc2 are produced in an almost pure zero he-

licity state in the helicity frame. Therefore in our comparison, we apply the corresponding

correction factor on the ratio of efficiencies ǫ1/ǫ2 from Table 4.12 which amounts to about

0.73 and is almost independent of pT (J/ψ). The theoretical calculation is given in the same

kinematic range pT (γ) > 0.5 GeV/c and |y(J/ψ)| < 1.0 as our measurement.

For the NLO NRQCD calculation, we do not have information about χc polarization and we

used the ratio of efficiencies estimated in the unpolarized case for the comparison. The theory

prediction is given in the kinematic range pT (γ) > 0 GeV/c and |y(J/ψ)| < 1.0. We used the

same Monte Carlo simulation described in Section 4.7 to derive a correction factor that takes

into account the extrapolation from our fiducial phase space to the one used in the theoretical

calculation. The correction factor, Rextr, is calculated as

Rextr =

N
gen
χc2

(|y(J/ψ)|<1.0,pT (γ)>0.5GeV/c)

N
gen
χc2

(|y(J/ψ)|<1.0)

N
gen
χc1

(|y(J/ψ)|<1.0,pT (γ)>0.5GeV/c)

N
gen
χc1

(|y(J/ψ)|<1.0)

(4.27)

where Ngen are the generated χc1 and χc2 with the Pythia Monte Carlo particle gun in the

corresponding phase space of y(J/ψ) and pT (γ). The values of Rextr have been calculated

for unpolarized scenario and the two extreme polarization scenarios, (hχc1
,hχc2

) = (0,0) and

(hχc1
,hχc2

) = (±1,±2), in helicity frame.

The results in Table 4.14 are multiplied with the values of Rextr which amounts to about

0.98 for the default unpolarized case and to about 0.83 and 1.13 for the extreme polarization

scenarios, to get the new extrapolated values of
σ(χc2)B(χc2)

σ(χc1)B(χc1)
in the kinematic range pT (γ) > 0

GeV/c and |y(J/ψ)| < 1.0. The 2% systematic uncertainty on the estimation of the correction

factor, coming from the difference on the factor calculated with the pT (ψ′) spectrum and with

the flat pT spectrum, is added in quadrature to the other systematic uncertainties.

The result of the two comparisons is shown in Figure 4.30. The kT factorization prediction

is represented by a line because uncertainties due to choice of αs, gluon densities etc. cancel
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out in the ratio. The kT factorization prediction reproduces well the trend of
σ(χc2)B(χc2)

σ(χc1)B(χc1)
versus

transverse momentum of the J/ψ, but with a global normalization off by a factor two with

respect to our measurement. On the other hand, the NLO NRQCD prediction is compatible

with our data within experimental and theoretical uncertainties. The theoretical uncertainties

in NLO NRQCD prediction are dominated by the unknown color octet matrix elements, which

are extracted from Tevatron data.
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Figure 4.30: Top: Comparison of the production ratio
σ(χc2)B(χc2)

σ(χc1)B(χc1)
with kT factorization ap-

proach [61]. The measurement is corrected with an acceptance factor assuming zero helicity

for the χc states. The kT factorization prediction is represented by a line because theoretical

uncertainties cancel out in the ratio. Bottom: Comparison of the production ratio
σ(χc2)B(χc2)

σ(χc1)B(χc1)

with NLO NRQCD [28] calculations. The measurement is corrected to match the kinematic

range used in NLO NRQCD calculations which assume the χc are produced unpolarized. The

two extreme polarization scenarios in helicity frame are shown by blue and green dashed

lines. The NLO NRQCD prediction is a band (red color), reflecting the uncertainties in the

fitted values of the color octet matrix elements [64].
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CHAPTER 5

Conclusions

We measured the cross section ratio of excited charmonia states χc1 and χc2 for different J/ψ

pT ranges using the CMS detector at LHC. The χc mesons were reconstructed through their

decays into a J/ψ and a photon. The J/ψ was reconstructed with two oppositely charged

muons detected in the CMS tracker and muon chambers. The photons were reconstructed

through conversions in the tracker. An unbinned extended maximum likelihood fit to the

data was used to extract the number of χc1 and χc2 candidates. The signal shape of χc1 and

χc2 was modeled with a Double Crystal Ball PDF while the χc0 shape was modeled with a

Single Crystal Ball PDF. For the combinatorial background a generic PDF which consists of

a product of exponential and power law functions was used.

Using a Monte Carlo generator, a correction factor to the observed numbers of χc1 and χc2

candidates was calculated to account for detector acceptance and reconstruction efficiency.

Several sources of systematic uncertainties were evaluated and their effect on the cross sec-

tion ratio was estimated. The unknown χc polarization represents the biggest source of un-

certainty on the measured ratio. Correction coefficients to the ratio were evaluated to account

for different χc1 and χc2 polarization states and to allow an easier comparison with theory

predictions.

The result was compared with two theory predictions: kT factorization and NLO Non-Relativistic

QCD. None of these models gives a fully satisfactory description of the data. The trend of

σ(χc2)/σ(χc1) in data is well described by the kT factorization approach but the normalization

is off by a factor of two. In the kT factorization calculations, the χc1 and χc2 wave functions

are assumed to be identical, following the results of potential model calculations which ne-

glect spin-orbit interactions [60]. A large deviation from the assumption of identical χc1 and
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χc2 wave functions may explain why the pT (J/ψ) dependence of the ratio is the same and the

difference is a global scale factor [65].

Similarly to CDF [5], we observe a discrepancy of the same order with NLO NRQCD calcu-

lations. Moreover, both CDF and CMS experiments observe a decrease of the χc2/χc1 produc-

tion ratio while NLO NRQCD predicts an increase of the χc2/χc1 production ratio with J/ψ

pT . Higher order corrections in the perturbative calculations of the formation of the cc̄ pair

are not expected to reduce this discrepancy with experimental results at high pT (J/ψ) [65].

This difference can only be explained [65] with non-perturbative contributions related to the

binding of the cc̄ pair into charmonium.

A proper comparison between the NLO NRQCD prediction and the measurement depends

on the predicted polarization of χc, which is not known. For example, if the predicted po-

larization were to increase the measured production ratio, the agreement between theory and

measurement would be better at high pT (J/ψ) [65]. Hence, a measurement of the χc polariza-

tion is crucial to interpret the existing results within the framework of NRQCD.

This measurement is among the most precise measurements of the χc production cross section

ratio made in hadron collisions which extends the explored range to high pT values of the

J/ψ.
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APPENDIX A

Kinematic variables

Particle coordinates

Particle with four momentum pµ = (E, ~p) in the laboratory frame has

• rapidity: y = 1
2

ln
E+pz

E−pz

• pseudorapidity: η = − ln
[

tan θ
2

]

• transverse momentum: pT =

√

p2
x+ p2

y = psinθ

Track coordinates

Track coordinates are defined with respect to the point of closest approach (impact point) of

the track to the beam axis.

• d0: coordinate of the impact point in the transverse plain of the detector

d0 = y0 cosφ− x0 sinφ, where x0 and y0 are the transverse coordinates of the impact

point with respect to the beam spot (mean pp collision)

• z0: coordinate of the impact point in the longitudinal plain of the detector with respect

to the primary vertex

• φ: azimuthal angle of the momentum vector of the track

• cotθ: cotangent of the polar angle of the track momentum vector
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• pT : transverse momentum

The resolutions of d0 and z0 at high momentum (100 GeV/c) are dominated by the hit resolu-

tion in pixel detector. At low momenta (1 GeV/c) the resolutions are affected significantly by

multiple scattering. For a 1 GeV/c track at |η| < 1 the resolution of d0 and z0 is about 100 µm.
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APPENDIX B

Fitting methods

In high energy physics the mass, the width and the yield of a particle can be inferred by fitting

the invariant mass distribution of its daughter particles. This distribution consists of signal

and background events and both distributions are fitted simultaneously. Fitting is done by

using parametrized theoretical curves known as Probability Distribution Functions (PDF). For

example the mass peak of a particle can be fitted with a Gaussian PDF and for the background

a polynomial PDF can be used. There are several fitting techniques:

• χ2 method

• Binned maximum likelihood

• Unbinned maximum likelihood

χ2 method

The method of least χ2 is the most popular one. It minimizes the sum of squared residuals,

where the residual is the difference between the observed and the fitted value provided by a

model. It is only applied to binned data.

Binned and unbinned maximum likelihood

Lets suppose the data is composed of N measurements x = x1, x2, ...xN and the PDF of data

points x is f (x|θ). The vector θ = θ1, ...θm has m parameters. The shape of the PDF is known

but the parameter values θ are unknown. Then the joint PDF for data points x is given by the

likelihood function:
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L(x|θ) =
N

∏

i=1

f (xi|θ) (B.1)

The likelihood is a function of the parameters θ. The values of x are fixed and are given by

the experiment. The maximum likelihood estimate of the parameters θ or their most probable

values are those for which the likelihood function has its global maximum. In general, for

wrong parameter values of θ the likelihood function will have smaller values. Instead of

finding global maximum, for computational reasons, it is better to find the minimum of the

log-likelihood function:

log L(x|θ) =
N

∑

i=1

log f (xi|θ) (B.2)

For unbinned maximum likelihood fit, the data is not grouped in bins, as it is the case for

binned maximum likelihood fit. This avoids losing information caused by the binning. It

is common to bin the data only if we want to be faster in the calculations of the likelihood

function.

Now, if we consider that the number of events N is allowed to fluctuate as a Poisson random

variable with mean value ν, then the likelihood is a product of the PDF for each data xi

multiplied by the probability of observing N events

L(x|ν,θ) = ν
N

N!
e−ν

N
∏

i=1

f (xi|θ). (B.3)

Then the log-likelihood is

log L(x|θ) =
N

∑

i=1

log f (xi|θ)+N logν− ν (B.4)

by dropping terms which do not depend on θ and ν.

In reality, the number of events, N, consists of signal and background events. Therefore we

can write the above equation separating the number of signal ns and background events nb in

the following way
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log L(x|ns,nb, θ) =

N
∑

i=1

log( fs(xi|θ)+ fb(xi|θ))+N log(ns+nb)−ns−nb (B.5)

where ns+nb can fluctuate around the number of observed events, N. Therefore the parame-

ters for which the maximum likelihood function should be maximized are ns, nb and θ. This

is called extended maximum likelihood formalism.
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APPENDIX C

Fits to Pythia Monte Carlo particle gun
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Figure C.1: Double-sided Crystal Ball fits to particle gun Monte Carlo for χc1 candidates for

pT (J/ψ) in [7.0−9.0] GeV/c (top) and [9.0−11.0] GeV/c (bottom).
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Figure C.2: Double-sided Crystal Ball fits to particle gun Monte Carlo for χc1 candidates for

pT (J/ψ) in [11.0−13.0] GeV/c (top) and [13.0−16.0] GeV/c (bottom).
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Figure C.3: Double-sided Crystal Ball fits to particle gun Monte Carlo for χc1 candidates for

pT (J/ψ) in [16.0−20.0] GeV/c (top) and [20.0−25.0] GeV/c (bottom).
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Figure C.4: Double-sided Crystal Ball fits to particle gun MC for χc2 candidates for pT (J/ψ)

in [7.0−9.0] GeV/c (top) and [9.0−11.0] GeV/c (bottom).
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Figure C.5: Double-sided Crystal Ball fits to particle gun MC for χc2 candidates for pT (J/ψ)

in [11.0−13.0] GeV/c (top) and [13.0−16.0] GeV/c (bottom).
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Figure C.6: Double-sided Crystal Ball fits to particle gun MC for χc2 candidates for pT (J/ψ)

in [16.0−20.0] GeV/c (top) and [20.0−25.0] GeV/c (bottom).
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APPENDIX D

Uncertainties from the signal model

Different cases in Table D.1 are formulated by varying signal parameters σ, αl and αr for χc1

and χc2 within their uncertainties, e:

• [1]− [2]: variation of σχc1

• [3]− [4]: variation of σχc2

• [5]− [6]: variation of αl(χc1)

• [7]− [8]: variation of αr(χc1)

• [9]− [10]: variation of αl(χc2)

• [11]− [12]: variation of αr(χc2)

• [13]− [14]: variation of σχc1
and σχc2

• [15]− [16]: variation of αl(χc1) and αr(χc1)
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APPENDIX E

pT (J/ψ) spectrum measured with the CMS experiment

We use the data available in [45] for the Jψ momentum spectrum in the range |y(Jψ)| < 0.9

and parametrize the data using the expression

dN

dpT

∝ pT













1+
1

(β−2)

p2
T

< p2
T
>













−β

. (E.1)

The fitted pT (Jψ) spectrum used to model pT (χc) spectrum is shown in Figure E.1.
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Figure E.1: The pT spectrum measured in [45] is shown with data points. The green line is

the fit to data using Equation 4.13. The fitted spectrum is used as input distribution for the

Pythia Monte Carlo particle gun.
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APPENDIX F

Expressions for the χc1 and χc2 decay angular distributions

The χc polarization depends on the properties of the cc̄ bound state and the nature of the

radiative decay χc→ J/ψ+γ. The radiative transitions between χc and J/ψ can be analyzed

in terms of electric and magnetic 2l pole radiation like dipole, quadropole etc. The 2l pole

transitions are usually indicated as El and Ml, where l is the total angular momentum of the

emitted photon, E stands for electric and M for magnetic radiation. For χc1 and χc2 states,

only E1 and M2 transitions are allowed. Additionally, for the χc2 state also E3 transition is

allowed.

The angular distributions of the decay products in χc → J/ψ + γ and J/ψ → µ+ + µ− are

parametrized as a function of the angular momentum composition of the decaying χc meson

and of the multiple structure of the photon radiation [53, 55, 62]. These angular distribu-

tions, denoted with W(θ,θ′,φ′), are expressed in terms of observables, ki, and trigonometric

functions, Ti,

W(θ,θ′,φ′) =
∑

ki(Ai)Ti(θ,θ
′,φ′). (F.1)

The coefficients ki are written in terms helicity amplitudes Ai which parametrize the dynamics

of the decay process. The helicity amplitudes Ai are linear combinations of the multipole tran-

sition amplitudes ai which are related to the total angular momentum carried by the photon.

The values of a1, a2 and a3 correspond to E1, M2 and E3 transitions. The amplitudes Ai and

ai are normalized to one. The coefficients Ti are functions of the observed angles θ, θ′ and φ′.

Below are the full angular distribution functions, W(θ,θ′,φ′), for the χc1 and χc2 states [63]

that are used in the reweighting procedure.
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χc1 angular distributions

W(θ,θ′,φ′) = k1+ k2 cos2 θ+ (k3+ k4 cos2 θ)cos2 θ′

+k5 sin2 θ sin2 θ′ cosφ′. (F.2)

Coefficients ki are defined as

k1 = A2
1
+1/2R(A2

0
−A2

1
) k2 = (1−3/2R)(A2

0
−A2

1
)

k3 = −A2
1
+1/2R k4 = 1−3/2R

k5 = 1/4A2
1
(3R−2)

where A0 =
√

1/2(a1+a2) and A1 =
√

1/2(a1−a2). The values of a1 and a2 correspond to E1

and M2 transitions. The M2 contributions can be neglected with sufficiently high accuracy,

therefore a2 = 0 and a1 =

√

1−a2
2
. Coefficient R measures fractional contribution of helicity

±1 particles to the production processes of χc1. The χc1 can have helicities 0 and ±1 hence

for helicity 0: R = 0, for helicity ±1: R = 1. For the unpolarized χc meson, R = 2/3.

χc2 angular distributions

W(θ,θ′,φ′) = k1+ k2 cos2 θ+ k3 cos4 θ+ (k4+ k5cos2θ+ k6cos4θ)cos2θ′

+(k7+ k8 cos2 θ+ k9 cos4 θ)sin2θ′ cos2φ′

+(k10+ k11 cos2 θ) sin2θ sin2θ′ cosφ′ (F.3)

Coefficients ki are defined as
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where R1 = R and R0 = 1−R1 −R2. Coefficients R and R2 measure fractional contribution

of helicity ±1 and helicity ±2 particles to the production processes of χc2. The χc2 can have

helicities 0, ±1 and ±2 hence for helicity 0: R = 0 and R2 = 0, for helicity ±1: R = 1 and

R2 = 0 and for helicity ±2: R = 0 and R2 = 1. For the unpolarized χc2 meson, R = 2/5 and

R2 = 2/5. Coefficients k0
i
, k1

i
and k2

i
are defined as
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APPENDIX G

Polarization of χc in Collins-Soper frame
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Figure G.1: Angle between the direction of J/ψ and χc as seen in χc rest frame for unpolar-

ized, helicities 0, ±1 and ±2 χc states in the Collins-Soper frame. Left: χc1, right: χc2.
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Figure G.2: pT distributions of the photon from χc1 (left) and χc2 (right) for unpolarized,

helicities 0, ±1 and ±2 χc states in the Collins-Soper frame.

Table G.1: The values of ǫ1/ǫ2 for different polarization scenarios in the Collins-Soper frame

relative to the unpolarized case.

P(hχc1
,hχc2

)
pT (J/ψ)[GeV/c]

7−9 9−11 11−13 13−16 16−20 20−25

P(Unpolarized,0) 1.040 1.063 1.076 1.075 1.084 1.077

P(Unpolarized,±1) 1.016 1.035 1.048 1.033 1.056 1.037

P(Unpolarized,±2) 0.968 0.948 0.930 0.933 0.921 0.925

P(0,Unpolarized) 1.039 1.053 1.059 1.067 1.069 1.062

P(±1,Unpolarized) 0.980 0.972 0.969 0.965 0.964 0.968

P(0,0) 1.081 1.119 1.139 1.147 1.157 1.144

P(0,±1) 1.056 1.092 1.108 1.101 1.127 1.102

P(0,±2) 1.006 0.998 0.985 0.995 0.984 0.982

P(±1,0) 1.019 1.033 1.042 1.037 1.045 1.042

P(±1,±1) 0.995 1.005 1.016 0.997 1.019 1.003

P(±1,±2) 0.949 0.921 0.902 0.900 0.888 0.895
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• Advanced education in mathematics in a class of ten people at High School of Mathe-

matics, Varna, Bulgaria in the period 1991-1996

CHOSEN CIVIL ENGINEERING PROJECTS

Lagos Sparkwest Flour factory, Nigeria

Built a 3D structural model, structural steel detailing and prepared manufacturing drawings.

Airport building Sabiha Gokcen, Istanbul, Turkey

Structural design of passage ways, structural steel detailing and prepared manufacturing

drawings for the whole building.
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Temsan OSB Factory, Ankara, Turkey

Structural design of the factory, built 3D structural model.

Mother Teresa International Airport, Tirana, Albania

Steel connection design of the main building.

Cimko Cement factory, Kahramanmaras, Turkey

Structural design, 3D structural models and steel detailing of Preheater Tower, Additive

Storage, Limestone, Coal Storage buildings, various conveyors and transfer stations.

Bazifa Cement factory, North Iraq

Structural design, 3D structural model and detailing of Circular Mixing Bed, Clinker Silo

Structure, Mill and Crusher Structures and various conveyors.

Iskenderun Iron Factory, Iskenderun, Turkey

Structural design, 3D structural model and steel detailing of conveyors and transfer stations.

Theatre building, Balkanabat, Turkmenistan

Structural design of steel roof structure.

Beykoz villas, Istanbul, Turkey

Structural design of a complex of luxury villas.

Modular Prefabricated Buildings for Afghanistan and Iraq

Plan and design of the prefabricated buildings.
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