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Abstract

The J/ψ particle has been the source of much research since its discovery in 1974.

It provides an important probe of quantum chromodynamics and has lead to many

important insights into the interactions of quarks and gluons in bound states. The

rate of production was found to be much higher than expected at hadron colliding

experiments. Non-relativistic quantum chromodynamics was developed in order to

address these issues. This theory predicts a strong spin-alignment not observed in

data. All previous measurements of J/ψ production have overlooked the hadronic

environment of the J/ψ. This work is the �rst exploration of the radiation sur-

rounding J/ψ events measured at ATLAS at
√
s = 8 TeV. It represents the �rst

measurement of the separation between the J/ψ and a matched jet and the second

measurement of the momentum fraction shared between the jet and the J/ψ. These

variables probe the radiation environment around the J/ψ, and provide a new ways

to understand quarkonia production.
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1

Introduction

1.1 A brief history

The history of particle physics spans over a century of experimental and theoretical

development that has lead to some of the deepest insights into nature. The starting

point for this work began during the post-war period of the early 1950s. A series

of bubble chamber experiments led to the discovery of the Λ, Ξ and Σ baryons1.

This coupled with the discoveries of the K, π and η mesons2 lead to the proposal

of the �eightfold way� [35]. The guiding principal of the eightfold way is to use

the structure of a proposed SU(3) × SU(3) �avor symmetry to explain the mesons

and baryons known to date and to make strong predictions about new states that

should be observed [35]. This organization of the particles hints at the existence of

fundamental particles called quarks.

While the eightfold way provided an organizational scheme and robust predictions

of the relationships between the members of the baryon octet, experimental evidence

for the existence of quarks came later. In 1971, Feynman published what is now

1 Baryons are bound states of three quarks. The name is derived from the greek word �heavy� or
�barus�.

2 Mesons are bound states of a quark and an anti-quark. The name is derived from the greek
word �intermediate� or �mesos�.
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known as the parton3 model of the hadron [33]. This model treated the components

of the hadron as fundamental particles with physical properties. This is in contrast

to the quark model of the eightfold way which did not describe quarks as physical

particles. The parton model described many experimental results to a reasonable

degree. There were some issues, namely a �fudge factor� to scale the numerical

calculations close enough to their experimental values to be compared [33].

The eightfold way and the parton model provided two complementary views of

the structure of the hadron. The eightfold way provided a computational framework

that was successful in describing many observed patterns in the quantum numbers of

the known hadrons. The parton model provided a physical picture of the structure of

the hadron. Neither model provided a precise description of the underlying dynamics

of the strong interaction.

In November 1973, Wilczek and Gross published their seminal paper on asymp-

totically free gauge theories4 [38]. This paper laid the groundwork for what would

become quantum chromodynamics (QCD) the theory underpinning the subject of

this thesis. A year later in 1974 the discovery of a new particle was announced inde-

pendently by a group at Brookhaven National Lab (named the J) and a group at the

Stanford Linear Accelerator (named the ψ) [14][15]. The joint discovery of the J/ψ

lead to what is known colloquially as the �November revolution.� The new particle

provided a new piece of experimental evidence that con�rmed the picture of quarks

and helped to unravel the mysteries of the strong interaction.

We now understand that hadrons are made up of quarks and gluons (partons

in Feynman's parlance). In addition, the bound state of a heavy quark and anti-

quark of the same �avor are referred to as quarkonium. This name is reminiscent of

3 Parton so called for being a �part� of the hadron. Also rumored to be named after Dolly Parton,
the country singer [22].

4 H. David Politzer published a similar result in May of that year [51], the three authors shared
the Nobel Prize in Physics in 2004.
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positronium, the electromagnetically bound state of a positron and electron. Many

of the salient features of the quarkonium mass spectrum can be understood with

non-relativistic quantum mechanics and empirical models of the QCD potential.

Even with this deep understanding of nature's fundamental interactions, the J/ψ

particle continues to perplex and confuse our understanding of QCD. In 1992, the

CDF collaboration at the Tevatron reported the �rst measurement of direct J/ψ and

ψ(2S) production. They found the rate of production to be an order of magnitude

more than the expectation from theory [8]. Two years later, Bodwin, Braaten and

Lepage worked out many of the details of quarkonium production in QCD using

e�ective �eld theory [21].

In 1997, the Tevatron updated its observation of the ψ system with more data.

It reported the di�erential cross section of the J/ψ to be much higher than antici-

pated by the leading order theory calculation for singlet production [7]. The details

worked out by Bodwin et al positioned the theory community to quickly calculate

the needed contributions from the non-relativistic expansion of QCD (NRQCD) in

order to describe the data [20].

The extra NRQCD components that describe the observed transverse momen-

tum spectrum predicted that the spin alignment between the J/ψ and the decaying

muons should be strongly polarized. Subsequent measurements of the polarization

at CDF found no evidence of polarized spin-alignment in the J/ψ system [9]. This

problem has been dubbed the �polarization puzzle� in literature and has no satisfying

explanation nearly two decades after its �rst observation.

The production of charm quark pairs which transition to the J/ψ state probes two

complementary energy scales. The origination of the pair happens during the primary

interaction of two partons. This is a high energy interaction and can be calculated

using perturbation theory. After the pair of quarks is produced, their relative motion

determines the dynamics of the bound state. This is at a much lower energy scale
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and is non-perturbative. Handling these two scales is the major theoretical challenge

to calculating a quantitative cross section for quarkonium production.

While there has been much theoretical work to understand J/ψ production, ex-

perimental approaches have mainly focused on measuring the di�erential production

cross section of isolated, directly produced J/ψ particles. Little to no attention has

been paid to the hadronic environment surrounding the charmonium system. If the

charmonium is produced in a color singlet state, the surrounding radiation should

be less than a cc pair in a color octet state.

A useful phenomenological model employed by Pythia5 is to consider the char-

monium system as a color-charged particle which can couple to gluons using rules of

QCD [58]. As this particle propagates it emits collinear gluon radiation according

to a splitting function for the process q → qg. When the composite particle falls

below a certain threshold, it transitions to a color singlet J/ψ hadron and emits

the remaining color charge as a soft gluon which is incorporated into the underlying

event. This is in contrast to color singlet production which has the J/ψ produced

directly and no net color charge.

An alternative view of charmonium production is the production of the charm

quark pair during the fragmentation of partons into individual hadrons. In the

fragmenting jet6 function (FJF) framework [52], the total cross section is a product

of the short distance partonic cross section with universal fragmentation functions

which determine the evolution of individual partons to hadrons.

The FJF framework di�ers from the Pythia model in how it treats the distribution

of radiation around the charmonium system. In the FJF approach, a high energy

gluon splits according to a splitting function for g → gg, which is very di�erent

from Pythia's model which allows the charmonium system to radiate according to a

5 A generic Monte Carlo simulation program used in High Energy Physics.

6 A jet is a collimated spray of particles resulting from high energy QCD processes.
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splitting function for q → qg. This leads to fundamentally di�erent distributions of

momentum between the surrounding radiation and the charmonium system [17].

The following is a birds-eye view of the remainder of the thesis. Chapter 2

presents an overview of Quantum Chromodynamics, and the phenomena relevant for

this work. Following that Chapter 3 describes the LHC and the ATLAS detector in

detail. After describing the detecting apparatus, the methods of reconstructing jets

and J/ψ candidates are described in Chapter 4. With a �rm grasp of the theory

and physical measurement of the particles, the next step is a description of the data

analysis methods used in Chapter 5. In Chapter 6 the selection criteria, systematic

errors, and �nal results are presented. A discussion of consequences and future work

follows in Chapter 7.
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2

Theory

2.1 Quantum Chromodynamics

Quantum chromodynamics describes the interactions between quarks and gluons. It

is one of the fundamental pieces of the Standard Model of Physics, and has provided

fertile ground for experimental and theoretical work. The interactions of QCD are

determined by the SU(3) symmetry group. Under this symmetry, quarks have a

color charge (a = 1, 2, 3). While quarks carry a color charge, they must form color

neutral particles. Therefore, it is useful to assign the colors red, green, and blue to

the color index in order to provide intuition for which states are allowed. Quarks

paired with color conjugated quarks (green with anti-green, red with anti-red etc)

form the mesons. Triplet pairs of quarks with an anti-symmetric combination of red,

green, and blue form color neutral baryons. Other more exotic combinations are

allowed but they must follow the constraint that the state is color neutral.

2.1.1 Quark Flavor

In addition to carrying color charge, quarks carry a �avor. The Standard Model

consists of three generations of quarks. Each generation consists of a �avor doublet
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with charge 2/3 and charge -1/3. Quarks with charge 2/3(-1/3) are referred to as

up(down)-type quarks. In each generation, the mass of the quarks is successively

larger. In the �rst generation, the up and down quarks are a few MeV. The strange

and charm quark masses di�er by a factor of 10. The strange quark mass is approx-

imately 100 MeV, while the charm quark mass is near 1 GeV. In the third and �nal

generation, the bottom quark is 4 GeV, and the top quark is forty times larger at 173

GeV [47]. The quantum numbers of the individual quarks determine the properties

of the composite baryons and mesons.

2.1.2 Lagrangian

The formulation of a quantum theory of quark interactions requires a Lagrangian

which contains interaction terms which invariant under the SU(3) symmetry group.

The following summarizes the results in chapter 1 of �QCD and Collider Physics�

[30], for further details the reader is referred to that text.

In order to derive a quantum theory, begin by writing the QCD Lagrangian in

terms of a classical �eld plus a gauge �xing term, and a ghost term:

LQCD = LClassical + LGauge + LGhost.

In natural units (~ = c = 1), the classical �eld Lagrangian is

LClassical = −1

4
FA
αβF

αβ
A +

∑

�avors

qa(i /D −m)abqb. (2.1)

Here /D ≡ γµD
µ, and FA

αβ is the gluon �eld strength tensor,

FA
αβ = ∂αAAβ − ∂βAAα − gfABCABαACβ . (2.2)

The color indices A,B,C run over the eight generators of the SU(3) group. The

constant g represents the coupling strength, and the constants fABC are the struc-

ture constants of SU(3). It is this term which distinguishes QCD from quantum
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electrodynamics (QED). In order to derive the Feynman rules for QCD, the path

integral of the action must be evaluated. In the standard formulation of the action,

the resulting integral is badly divergent because of the gauge invariance of the theory

[48] 1. Following the Faddeev-Popov method of gauge �xing used in [30] the following

two terms are added to the Lagrangian:

LGauge = − 1

2λ
(∂αAAα )2 (2.3)

LGhost = ∂αη
A†(Dα

ABη
B) (2.4)

These terms serve to constrain the integral over the action to physical con�gurations

exactly once [48].

2.1.3 Feyman Rules

The Feynman rules for QCD can be determined from the Lagrangian by �nding the

action (S =
∫
Ld4x)and writing it in terms of a free �eld Lagrangian S0 and an

interacting term SI ,

S = S0 + SI .

Further by identifying ∂α = −ipα as the momentum it is possible to write down the

two point function for the quarks and gluons. This results in the Feynman rules

shown in Figure 2.1.

Combined, these rules allow the creation of any relativistic quark interactions

allowed by the theory of QCD. There are two aspects of QCD which distinguish it

from QED.

The �rst is the running of the coupling constant, αS. In QED, the coupling

constant is higher at high energies. This running of the coupling constant can be

understood by examining the state of the vacuum around the electric charge. At

high energies, and short distances, there is less screening of the true charge of the

1 See 9.4 Quantization of the Electromagnetic Field.
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A, α B, β
p

δAB
[
−gαβ + (1− λ) pαpβ

p2+iǫ

]
i

p2+iǫ

p
a, i b, j δab i

(/p−m+iǫ)ji

B, β

−gfABC [(p− q)γgαβ + (q − r)αgβγ + (r − p)βgαγ ]

All momenta incoming, p+ q + r = 0

A, α B, β

C, γ D, δ

−ig2fXADfXBC [gαβgγδ − gαγgβδ]

−ig2fXACfXBD[gαβgγδ − gαδgβγ]

−ig2fXABfXCD[gαγgβδ − gαδgβγ]

b, i c, j

A, α

A, α C, γ

q

p

r

−ig(tA)cb(γ
α)ji

Figure 2.1: Feynman rules for QCD. The ghost terms have been excluded, see [30]
for more details.

electron due to vacuum polarization. This polarization arises due to dipole pairs of

virtual electrons and positrons which screen the charge of the electron. This leads

to a coupling constant which is larger than at low energies. In QCD, the coupling

constant decreases at high energy. This phenomenon is known as asymptotic freedom.

At very high energies, the coupling between quarks becomes so low that they become

free particles. It is di�cult to understand this from the vacuum of QCD, but it is

possible to make analogies to the paramagnetic properties of the vacuum [30].
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The second feature is the self-interaction of the gluon. In QED, the mediating

photon has no electric charge and thus does not couple to itself. In QCD, the gluon

carries color charge. This means that the �eld doesn't spread uniformly out from the

quark. Instead, it forms tube-like structures. At some point, the potential energy

stored in the self-interacting gluon tubes becomes so high that it is energetically

favorable to create a quark anti-quark pair from the vacuum rather than to increase

the distance between two quarks further. This property of QCD is referred to as con-

�nement. The energy scale that determines which regime in which QCD is con�ning

versus being asymptotically free is the cuto� energy scale ΛQCD ' 450 MeV.

2.2 Quarkonium

The bound states and their properties are important to any theory of interactions.

In QCD, bound states consist of mesons and baryons in accordance with the rules

outlined in Section 2.1.3. Quarkonium have a number of unique properties that make

it an ideal system to study properties of QCD. The bound state consists of a quark

and its charge-conjugate. This provides a degree of symmetry not present in other

meson systems. In heavy quarkonium systems (charmonium and bottomonium),

the mass scale is high enough that perturbation theory can provide useful answers

relative to the cuto� energy scale ΛQCD. The strength of the coupling strength of

QCD in the charmonium system is αs(mc) ≈ 0.24 [21]. This is large enough that the

perturbation series converges more slowly than one would hope. The higher mass of

the bottom quark allows the bottomonium system a faster rate of convergence. At

the bottom mass scale, αs(mb) ≈ 0.18 [21].

Before examining the consequences of a larger αs in the charmonium system,

it is useful to reproduce as much of the charmonium spectrum as possible using

quantum mechanics. An important aspect of quarkonium production at high energies

in hadronic collisions is the interplay of multiple energy scales. At very high energies,
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direct production is predicted to be dominated by the fragmentation of gluons into

pairs of charm quarks. The gluon recoils from a primary interaction with a gluon

or quark in the proton-proton collision. The energy scale which determines the

production of the quark pair is the mass of the heavy quark M .

In the rest frame of the quarkonia's constituent quarks, the relative velocity (v)

of the quarks is the important scale. This means their relative momentum (Mv) is

important for the dynamics of the quarkonium's propagation and subsequent decay.

The �nal quantity which determines the dynamics of the system is the kinetic energy

(Mv2) of the quarks. The kinetic energy determines the size of the radial excitations

in the system [21]. It is assumed that these scales are well separated in the sense

that (Mv2)2 << (Mv)2 << M2 [21].

2.2.1 Positronium System

A treatment of the positronium system can be found in any undergraduate treatment

of bound states allowed by the Coulomb potential [62] [37]. A brief review of the

important results is presented. The content of this section follows that of [30] and uses

a notation that makes the analogies between the Coulomb potential and the QCD

potential manifest. The existence of a solution is due to the spherical symmetry of

the Coulomb potential. This allows the system to be solved by separation of variables

and reduces the degrees of freedom to �nding the one-dimensional bound states due

to the Coulomb potential,

U(r) = −α/r.

Here α is the dimensionless �ne structure constant, and takes a value of 1/137. The

wavefunction is then written as

ψ(r, θ, φ) = Rl,n(r)Y m
l (θ, φ), (2.5)
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here Rl,n(r) is the radial solution, and Y m
l (θ, φ) are the spherical harmonic functions.

The spherical harmonics Y m
l arise from requiring angular momentum conservation.

The radial functions are determined by �nding the solutions to the time-independent

Shroedinger equation. The energy eigenvalues are the well known Bohr energy levels,

En = −µα
2

2n2
. (2.6)

Here µ is the reduced mass of the system2. The characteristic length scale of the

system is the Bohr radius,

a0 =
1

µα
. (2.7)

The ground state wave function is (n = 1, l = 0,m = 0) [62]:

ψ100(r, θ, φ) =
1√
πa30

e−r/a0 . (2.8)

The �rst radial excited state is (n = 2, l = 1,m = 0) [62]:

ψ210(r, θ, φ) =
1

4
√

2πa30

r

a0
e−r/(2a0) cos θ. (2.9)

These two states are important because they correspond to the �rst two excitations

in the charmonium spectrum. At this point it is useful to introduce the spectro-

scopic notation used in quarkonia literature. The notation follows that of atomic

spectroscopy: 2S+1LJ . Here S is the total spin of the system, L is the orbital quan-

tum number, and J is total angular momentum. In the case of positronium, and

quarkonium, the constituent particles are spin-1/2. Therefore when they are com-

bined S can take the values of 0 or 1. The orbital angular quantum number L

follows the time-honored notation where L = 0, 1, 2, 3, . . . corresponds to the letters

S, P,D, F, . . .. Finally, J takes the values J = |L− S|, . . . , L+ S.

2 µ ≡ m1m2

m1+m2
, in the case of positronium this is me/2.
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Up to this point, the positronium system and the quarkonium system have been

treated as interchangeable. In fact, if gluons did not self-interact, the QED potential

and the QCD potential would be the same modulo coupling constants and a numerical

factor for color. This similarity suggests that using the hydrogen-like wavefunctions

as a basis and applying perturbation theory may prove fruitful.

2.2.2 Potential Models of QCD

It is not an accident that the potential model of QCD works well to describe the

distribution of bound states observed in quarkonium systems. First, the gluon in-

teraction times are much shorter than the movement time scale of the quarks. This

is due to the assumption that the kinetic energy, Mv2 is much smaller than the

momentum of the quarks, Mv [21]. This means that treating the quarks as though

they exist in an instantaneous potential is a good approximation. The second rea-

son potential models are successful is the fact that the probability of another gluon

existing in the bound state is small [21].

Using the Coulomb eigenfunctions as a set of basis states and applying a per-

turbative potential provides a good description of the quarkonium spectrum. The

perturbation used is due to the self-interaction of the gluons,

V (r) = Kr,

here K is the �string constant�. This term combined with the Coulomb-like potential,

U(r) = −4

3

αs
r
,

completes the model. The perturbation is con�ning at large distances and presents

a constant force. The string analogy is apt, as the tension in a string is constant.

When the force applied exceeds the tensile strength of the string, the string snaps.

This analogy suggests the string model of fragmentation in which the gluon �strings�

snap and quark-anti-quark pairs form at the ends of the strings.
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Figure 2.2: Spectrum of charmonium and bottomonium bound states compared to
potential theory [30].

Figure 2.2 shows the result of applying a more sophisticated potential model as

a perturbation on the Coulomb-like eigenfunctions. This model has the asymptotic

features of the string model and describes the data well [30]. The dashed lines are

the theory prediction and the solid lines are the data. The bottomonium spectrum

is better described because the mass is higher, and hence the coupling constant is

weaker making the assumptions behind the potential model stronger.

2.3 Non-relativistic QCD

While the potential model of QCD bound states does a good job of capturing the

features of the spectrum it is not a complete description. Figure 2.2 shows some

disagreement in the numerical values for the mass eigenstates. Further, the potential
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model o�ers no way of calculating the di�erential cross section for production. This

can be done using perturbation theory with the relativistic QCD Lagrangian. The

leading order cross sections for J/ψ production were calculated in the early 80s [16].

After the measurement of the J/ψ and ψ(2S) by the Tevatron in the early 90s, the

disparity between the leading order prediction and the measured data was large. This

lead to the exploration of e�ective �eld theory descriptions of QCD in an attempt to

bridge the gap between the non-perturbative parts of quarkonia processes which are

di�cult to calculate and the parts of quarkonia production amenable to perturbation

theory [21].

2.3.1 Lagrangian

Rather than take an explicit expansion of the QCD Lagrangian (equation 2.1), it is

informative to build a Lagrangian which is equivalent to the fully relativistic version.

In this case recall that the non-relativistic expansion for the energy of a particle is

the classical kinetic energy,

E =
√
M2 + p2 'M +

p2

2M
. (2.10)

The separation of short distance interactions of the light quarks and the long dis-

tance interactions of the heavy quarks suggest the following terms in the NRQCD

Lagrangian [21]:

LNRQCD = Llight + Lheavy + δL (2.11)

The light quarks are expected to be adequately described by the QCD Lagrangian,

and so those terms are retained

Llight = −1

2
FA
αβF

αβ
A +

∑

light �avors

qa(i /D −m)abqb. (2.12)
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The heavy quarks are explicitly inserted using the non-relativistic expansion of the

gauge-covariant derivative,

i /D −m ' iDt +
D2

2M
. (2.13)

This gives

Lheavy = ψ†
(
iDt +

D2

2M

)
ψ + χ†

(
iDt −

D2

2M

)
χ (2.14)

where the color and spin indices have now been supressed and ψ is the Pauli spinor

�eld responsible for annihilating a heavy quark. Conversely χ is the Pauli spinor �eld

for creating a heavy anti-quark. The terms Dt and D are the space-time components

of the gauge covariant derivative Dµ.

These two terms together describe QCD coupled with a Schrödinger theory for

the heavy quarks [21]. Since the Schrödinger terms were added as a non-relativistic

expansion of the gauge covariant derivative additional terms in the expansion must

be included in order to fully describe the relativistic e�ects of QCD. These terms are

explained in detail in [21] and are contained in the δL term above.

Organizing the Lagrangian in this way allows cross section formulas to be written

as a dual expansion in the relative velocities of the heavy quarks and the QCD

coupling constant αs. This gives insight into which e�ects dominate at what scale in

the short and long distance interactions.

2.3.2 Factorization Theorem

Because this formulation of the Lagrangian makes the Schrödinger states explicit, the

quarkonium state can be interpreted as a sum of all possible Fock state con�gurations.
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This can be written as [30],

|ψQ〉 = O(1)|QQ[3S
(1)
1 ]〉+O(v)|QQ[3P

(8)
J ]g〉

+O(v2)|QQ[1S
(8)
0 ]g〉+O(v2)|QQ[3S

(1,8)
1 ]gg〉

+O(v2)|QQ[3D
(1,8)
J ]gg〉+ . . .

,

(2.15)

here ψQ is the quarkonium bound state. The angular momentum quantum numbers

of the Fock state are given in standard spectroscopic notation:3 2S+1L
(1,8)
J with an

additional index to indicate singlet (1) or octet (8) color states. In this notation, S is

the spin of the QQ̄ pair, L is the orbital quantum number and J is the total angular

momentum. This formula also makes explicit the relative probability of �nding a

gluon in a QQ state, which was one of the conditions necessary for the potential

model of quarkonium.

The leading order term corresponds to the wavefunction from the Schrödinger

picture. Higher order terms correspond to Fock states which provide a soft gluon.

The presence of this gluon in the state allows the QQ̄ pair to be in a color octet state.

The inclusion of these terms in the expression for the overall cross section provides

important contributions to the production of quarkonia in hadronic collisions.

The explicit formulation for the partonic cross section can be written as

dσ

dt̂
(ab→ QQ[n]c→ ψQ) =

1

16πŝ2

∑∣∣A(ab→ QQ[n]c)short
∣∣2 〈0|OψQ

8,1 (n)|0〉 (2.16)

here a, b and c represent initial and �nal state partons, n is shorthand for the spec-

troscopic term symbol introduced above, and ψQ is the �nal state quarkonium. The

sum is understood to be the average over initial spin and color states of the scattering

3 In spectroscopy this is referred to as a term symbol.
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amplitudes4 and the 〈0|OψQ

8,1 (n)|0〉 term (abbreviated as OH8,1(n)) is the long distance

matrix element (LDME).

Equation 2.16 explicitly separates the energy scales involved in the production.

Figure 2.3 shows a pictorial representation of this factorization. The short distance

amplitude is calculated by evaluating the relevant Feynman diagrams required to

produce a QQ pair with quantum numbers n. The LDME (represented by the gray

blob) on the other hand represents the low energy, non-perturbative part of the

calculation.

LDME

ψQ

QQ(2S+1L
(1,8)
J )

Figure 2.3: Schematic representation of production of quarkonium in NRQCD,
a, b, c = g as in equation 2.16.

This value cannot be calculated directly and must be inferred from experimental

measurements. The extraction of LDMEs from globally measured data has been

done many times [36] [23] [32], but the methodology is fraught with pitfalls and

there is no de�nitive set available. The LDMEs represent a large number of degrees

of freedom. Some components have di�erent momentum dependence, and thus it is

possible to re-weight them to �t the subset of data judged valid by the person �tting

the parameters.

The LDME values extracted are validated using the only degree of freedom re-

maining in the quarkonium system: the spin alignment between the quarkonium and

the measured decay products. Historically the disagreement between the measured

4 The square of the amplitude is proportional to the probability of a process occuring.
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spin-alignment and the amount required by the extracted LDMEs has been referred

to as the �polarization puzzle5.� There have been many attempts at explaining the

e�ect [39] [44] [25] [42], but none are completely satisfactory.

2.4 Jet fragmentation

Having examined the bound states QCD is capable of producing, it is now useful

examine another aspect of QCD at a di�erent energy scale: the fate of a recoiling

parton in a hard6 interaction. Con�nement makes it impossible for a parton to

propagate through space without forming a color singlet state. What is needed is a

framework for discussing the transition between a single hard parton and the shower

of hadrons ultimately measured in the detector as a jet.

As in the production of quarkonium states, there are two energy scales which must

be separated to make progress with the QCD processes. The scale where perturbation

theory can be applied is separated into what is called the parton shower. The non-

perturbative part of the process is the transition from partons into hadrons referred

to as hadronization.

2.4.1 Parton Shower

Figure 2.4 shows the various initial and �nal state parton con�gurations which con-

tribute to a parton shower. An entire shower consists of a series of splittings following

di�erent probability distributions depending on the outgoing partons at each split-

ting. The process is dissipative, in the sense that the energy is shared between the

�nal state partons, and at each branching the energy of a given parton is less than the

previous branching's daughters. When the �nal state partons fall below a certain

5 The alliteration seems to have contributed to the persistence of this name versus the �spin-
alignment inconsistency.� It appears that LHCb uses J/ψ polarization, while other experiments use
�spin-alignment.� Theory papers use each interchangeably.

6 Hard here refers to high energy, conversely soft refers to low energy.
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a b

c

(a) g → gg

a b

c

(b) g → qq

a b

c

(c) q → qg

Figure 2.4: Feynman vertices that contribute to a parton shower.

threshold the non-perturbative e�ects of hadronization take over and the partons

form hadrons which are ultimately detected by the experimental apparatus.

The parton splitting functions have characteristic di�erences that a�ect the out-

come of the shower. Following Chapter 5 of [30], the shower is assumed to follow

timelike branching. The energy fraction z of branching is de�ned as:

z = Ec/Ea = 1− Eb/Ea. (2.17)

After averaging over the possible polarization states of the incoming and outgoing

gluons the amplitude for splitting from n partons to n+ 1 partons is given by

|Mn+1|2 ∼
4g2

t
P̂bc(z)|Mn|2. (2.18)

Here g is the QCD coupling constant, t ≡ p2a and P̂bc is the unregularized splitting

function for the �nal state partons. The gluon splitting function corresponding to

Figure 2.4a is

P̂gg(z) = CA

[
1− z
z

+
z

1− z + z(1− z)

]
. (2.19)

Here the color factor is CA = 3. It is useful to take the various limits. Notice that

when one of the partons is soft either (c soft) z → 0 or (b soft) z → 1. The �rst
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term of equation 2.19 is divergent for z → 0. The same is true for the second term

as z → 1. These divergences favor soft emission of gluons.

Following the same prescription, the splitting function for gluon emission from a

quark (see Figure 2.4c) is

P̂qg(z) = TR[z2 + (1− z)2] (2.20)

in this case the color factor is TR = 1/2. Taking z → 0 favors soft gluon emission

whereas the z → 1 limit favors hard emission of the gluon. The parabolic nature of

the function favors one extreme or the other.

The remaining case corresponds to Figure 2.4b and is for a gluon splitting into a

quark anti-quark pair. The spin-averaged splitting function is

P̂qq(z) = CF
1 + z2

1− z . (2.21)

This function is unique among the splitting functions in that it favors one of the

outgoing partons to be harder than the other. Figure 2.5 shows the three splitting

functions de�ned above. An arbitrary normalization is applied to the Pqq and Pgg

functions in order to better compare the behavior of the shapes.

The contributions from these individual diagrams and splitting functions can

be used to simulate a parton shower. An example parton shower from an e+e−

annihilation event taken from [30] is shown in Figure 2.6.

2.4.2 Hadronization

The partons produced during the shower must form hadrons; an inherently non-

perturbative process. The phenomenological model used by Pythia is the Lund

string model [58]. This model extends the string analogy developed in Section 2.2.2.

The idea is that hadrons in the shower are connected via color-strings. If the energy

stored in the string rises above the threshold to produce a qq pair, the string snaps
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Figure 2.5: The splitting functions required for a parton shower. An arbitrary
normalization is applied to Pqq and Pgg in order to allow better comparison of the
shapes.

and the process is repeated until the energies of the remaining string segments fall

below a threshold value. Below this threshold, the string fragments form the �nal

state hadrons.

If there are gluons present in the �nal state of the parton shower, they are con-

nected to the color strings as dynamical kinks in the string (see the upper part of

the shower in Figure 2.7). Figure 2.7 shows an example of this process in an e+e−

event [30]. When a gluon splits perturbatively into a pair of quarks it creates another

string segment [30]. The lines outgoing from the gray string segments represent the

subsequent fragmentation of the string as described above. With a complete descrip-

tion of QCD, the allowed bound states, and the transition from a high energy parton

to the hadrons ultimately measured by the detector it is time to discuss the actual

measurement of particles at the Large Hadron Collider.
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Figure 2.6: An example parton shower from an e+e− annihilation event. Figure
taken from [30].
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Figure 2.7: String model of hadronization in an e+e− event. Grey shaded region
is the string. Figure taken from [30]
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3

The ATLAS experiment

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the largest (in size and energy) circular hadron

collider in existence. The circumference of the colliding rings is 26.7 km and is buried

between 45 m and 170 m below parts of Switzerland and France [31]. The LHC was

built based on infrastructure developed for the Large Electron Positron collider and

utilizes the CERN accelerator complex in order to boost protons to the high energies

required for circulating in the LHC tunnel. The LHC circulates beams of protons

in opposite directions and steers them into each other at four points around the

accelerator ring. These four points are the sites of the major LHC experiments,

CMS, ATLAS, LHCb, and ALICE [31]. The data for this work was recorded in 2012

when the machine was con�gured to run each beam of protons at 4 TeV for a center

of mass energy
√
s = 8 TeV.

In order to collide protons, the LHC accelerates them through a series of booster

rings until they are injected into the main accelerator complex. Protons injected

into the LHC are organized into bunches of 1011 protons. The bunches are spaced
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according to the frequency (400 MHz) of the RF cavities which accelerate the parti-

cles. During the �rst run of the LHC, the bunches were spaced 50 ns apart which is

twice the designed bunch spacing of 25 ns.

In order to achieve this con�guration of bunch crossings as well as precise control

of the proton beams, a number of problems must be addressed. Foremost is the

bending the protons around the ring. This is achieved using 1,232 superconducting

magnetic dipoles [31]. Each of these dipoles is operated at 1.9 K and produce a �eld

strength of 8 T. The operating temperature of the magnets has a tight margin above

which the superconductivity is lost and the magnet ceases to superconduct [31]. This

transition is known as quenching, and when it occurs all of the energy stored in the

�eld is released. An unintended quench in 2008 led to a massive helium explosion

and delayed the experiments by a year [43].

Another aspect that is important to the smooth operation of the LHC is the

vacuum in the beam pipe. In order to maximize beam lifetime and minimize ex-

perimental backgrounds, the beam pipe must be kept as pristine as possible. This

equates to a vacuum pressure of 10-10 mbar. In the regions around the experiments,

the vacuum is designed to keep the density of hydrogen below 1013 H2 m
-3. As a point

of reference, the volume of beampipe contained by the ATLAS detector is roughly

0.008 m3. This means that there is roughly 8 × 1010 hydrogen atoms in the AT-

LAS beampipe at any given time. The same volume of hydrogen gas at STP results

in 2.15 × 1024 atoms. This is a di�erence in concentration of roughly 30 parts per

quadrillion.

3.1.1 Luminosity

Many of the measurements made at the LHC boil down to counting experiments

answering the question: �How many particles with properties x, y, and z do I see?�

These properties may be the transverse momentum (pT ), invariant mass (m), or
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rapidity (y). The experimental physicist reconstructs events, selects those matching

the required criteria and compares the number counted to a theoretical calculation.

Conversely, a theoretical physicist calculates the number of observed particles

with given properties x, y and z by starting with incoming protons and working out

the probability of observing the expected particles. The proton beams are charac-

terized by a parameter called the luminosity L of the beam which is the number of

particles passing per second per unit area. When a theoretical physicist calculates

the cross section1 of a process (σ(pp → AB) where A and B are outgoing particle

species), the rate of particles produced is given by the product of the luminosity and

the cross section,

dN/dt = L(t)σ(pp→ AB).

In order to predict the absolute number of events, this expression must be integrated

over the time that data was collected

N = σ

∫
L(t)dt.

The amount of data collected by the experiment is measured in the integrated lu-

minosity. It has units of inverse barns which are convenient for back-of-the-envelope

calculations of the expected number of events for a process: take the product of the

luminosity collected and the expected cross section to get the number of events.

The instantaneous luminosity L of the LHC is given by the following formula:

L =
N2
b nbfrevγr
4πεnβ∗

F. (3.1)

The denominator of this equation is fairly straightforward. The Nb term is the

number of protons per bunch (typically Nb ∼ 1011), nb is the number of bunches per

1 This quantity has SI units of cm2 but barns are most commonly used in the �eld. The name
comes from the saying �you couldn't hit the broadside of a barn� and originated during research
into the atomic bomb [55]. Another unit from this era is the �shake� as in �two shakes of a lamb's
tail� which is 10 ns, a convenient unit of measure in nuclear reactions [55].
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beam, frev is the revolution frequency of the machine, γr is the relativistic gamma

factor for the bunches and F is a geometric factor to account for the geometry of

the crossing angle at the interaction point (IP). The denominator must be a unit of

area from dimensional analysis. The transverse beam emittance is given by εn and

β∗ is the value of the β function at the IP. The two parameters εn and β describe the

major and semi-major axes of an ellipse which describes the transverse phase-space

pro�le of the LHC beam. Together they describe the e�ective area of the beam at

the IP [31].

The geometric factor F can be worked out from small angle approximations as

well as the RMS length and transverse width of the beam,

F =

(
1 +

(
θcσz
2σ∗

)2
)−1/2

. (3.2)

Here θc is the crossing angle, σz is the RMS length of a bunch crossing and σ∗ is the

transverse RMS beam size for a gaussian beam.

When the beams cross, there is a high probability that multiple high energy

interactions take place. The interaction which is selected for study is referred to

as the primary interaction. Secondary interactions contribute to the experimental

background which are referred to as pileup. The degree of pileup can be measured

by the average number of interactions per bunch crossing (〈µ〉). For the data used

in this thesis, the pileup was 20 interactions per bunch crossing on average. Pileup

presents an experimental challenge because the particles produced in association with

the events can confuse the reconstruction algorithms used. This analysis makes use

of reconstructed quantities that are largely insensitive to pileup e�ects.
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3.2 The ATLAS experiment

A Toroidal LHC AparatuS (ATLAS2) is one of the general purpose detectors at the

LHC. It is located at Point 1 on the LHC ring. Figure 3.1 shows a high-level drawing

of the detector. The detector itself is 44m long and 25 m tall3. The ATLAS detector

contains many subsystems which allow it to detect and reconstruct particles which

are created by collisions at the IP. The detectors all work on the principle that when

a charged particle moves through matter it can either radiate energy in the form

of Bremsstrahlung, ionize the surrounding matter, or interact with the nucleus of

the matter the particle traverses. In the �rst case, the radiation can be detected

directly, or it can produce a positron and electron pair (pair production) which

can be subsequently detected. Di�erent parts of the detector exploit these three

processes in di�erent ways. The electromagnetic and hadronic calorimeters work to

stop electrons and hadrons while accurately measuring the energy of the incident

particle. Tracking elements aim to accurately detect the time and location where a

charged particle passes and do so in di�erent ways.

In order to accurately measure the charge and momentum of particles passing

through the detector, a set of magnets is used to bend the charged particles. ATLAS

uses a unique con�guration of a 2.0 T solenoid covering the inner detector and

a toroidal con�guration of 8 superconducting yokes which provide a �eld between

0.5 T and 1.0 T [26]. The central solenoid ensures that charged particles bend in

the transverse plane of the inner detector. The toroidal con�guration of the outer

magnets bend the muons which exit the hadronic calorimeter, allowing for a precise

measurement of the three spatial components of their momentum. Together these

systems allow the measurement of the particle's four-momentum and charge. This

2 ATLHCA doesn't have the same ring or status as a greek titan.

3 The detector weighs approximately 7000 tons. If the volume the detector contains were hermet-
ically sealed, the density of the detector would allow it to �oat if it were put in fresh water.
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Figure 3.1: A cutaway of the ATLAS detector. Two small people are shown to
scale.

analysis exclusively uses charged particle tracks in the form of muon identi�ed tracks,

and inner detector tracks. This was done in order to minimize various systematic

e�ects that will be discussed.

ATLAS uses a right-handed cylindrical coordinate system with the z-axis oriented

along the beam line; see Figure 3.2 for details. In cartesian coordinates, the x and y

axes are in the plane transverse to the beamline. The x axis points to the center of

the ring and the y axis points to the Earth's surface. A useful quantity for describing

angles in the detector is pseudorapidity (η)4 de�ned as η ≡ − log(tan(θ/2)). In this

variable, the beam line is η ≈ 5, while the y axis corresponds to η = 0.

4 Di�erences in pseudorapidity are invariant in relativistic boosts along the beam axis which is
very useful experimentally.
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Figure 3.2: The ATLAS detector's coordinate system, see text for de�nition of
pseudorapidity (η).

3.2.1 Inner Detector

Figure 3.3 shows the inner detector at ATLAS with each subsystem labeled. Fig-

ure 3.4 shows a view of the inner detector for a wedge of the detector. Working

radially outward from the IP, the ATLAS inner detector is comprised of three main

components: the pixel detector (extending 45.5 mm < R < 242 mm), the silicon

strip detector (SCT) (extending 255 mm < R < 549 mm), and the transition radi-

ation tracker (TRT) (extending 554 mm < R < 1082 mm). The pixel detector and

SCT function based on semiconductor technologies that allow them to measure the

location of charged particles with high precision. The TRT operates based on tran-

sition radiation, a phenomenon that occurs when charged particles traverse di�erent
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materials. During the transition between materials, particles are very likely to emit

radiation which is subsequently detected. Table 3.1 shows the intrinsic accuracy of

the inner detector subsystems and their alignment tolerances.

Figure 3.3: The ATLAS inner detector taken from [1].

Semiconductor based detectors

The pixel detector and the silicon strip tracker utilize the ionization of matter as

charged particles pass through the active regions. The active region of the detectors

is constructed by forming a layer of n-doped and p-doped semiconductor. These lay-

ers are held at a �xed voltage. When a charged particle traverses the active region,

the ionized material becomes conducting allowing for the location of the particle to

be determined. Figure 3.5 shows a schematic of a pixel. The bottom half of the

schematic is the sensing region and the dark gray and lighter gray regions repre-

sent the doped semiconductor. The bump-bond indicates a fabrication technique
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Figure 3.4: A di�erent view of the ATLAS inner detector taken from [26]. This
shows the geometry of the pixel and SCT detectors focusing on the end caps and the
TRT end cap.

Intrinsic Accuracy Alignment Tolerance (µm)
Subsystem (µm) Radial (R) Axial (z) Azimuth (R-φ)
Pixel
Layer-0 10 (R− φ) 115 (z) 10 20 7
Layer-1 and 2 10 (R− φ) 115 (z) 20 20 7
End cap 10 (R− φ) 115 (R) 20 100 7
SCT
Barrel 17 (R− φ) 580 (z) 100 50 12
End cap 17 (R− φ) 580 (R) 50 200 12
TRT 130 30

Table 3.1: Intrinsic accuracy and alignment tolerances of the inner detector. The
lower accuracy of the axial dimension in the SCT is due to the intrinsic pitch of
the SCT modules. The axial accuracy of the pixel detector is driven by fabrication
constraints [26].

utilized to provide uniform attachment of each micro-fabricated pixel to the readout

electronics.

Pixel Detector

The fundamental unit of the pixel detector is a module. Figure 3.6 shows the various

layers that go into a pixel module. A module consists of readout electronics and

active pixel sensors which detect the position of charged particles. Each module
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Figure 3.5: Conceptual diagram of the pixel assembly with a charged particle
traversing it [1].

has a sensitive surface 6.08 × 1.64cm2 [1]. Each module consists of 47232 pixels

[1]. The entire pixel detector is constructed from 1744 modules [1]. These modules

are arranged in three concentric cylinders. The forward region of the detector is

covered by three rings of end-cap modules on either end of the pixel barrel region.

The geometric arrangement of the modules can be seen the green components in

Figure 3.4. Each module has three spatial degrees of freedom and two angles which

determine its precise location in space. Aligning these modules is critical to achieving

an accurate measurement of the particles' momentum when they pass through the

inner detector. Table 3.1 shows the alignment tolerances of the pixel detector.

Silicon Strip Detector

Continuing radially outward is the Silicon Strip Detector (SCT). The SCT follows

the modular design of the pixel detector but with less axial resolution than the pixel
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Figure 3.6: Schematic of the module assembly. 47232 pixels are read out from the
sensor layer and each one is bump-bonded to the readout electronics [1].

detector. Table 3.1 shows the nominal resolution and alignment tolerances of the

SCT. Each SCT module has �ve degrees of freedom which must be corrected for

during alignment and calibration. The SCT barrel module layout is shown in Figure

3.7. One barrel module has two layers of strips set at an 80 µm pitch over 6cm

in order to give a trapezoidal geometry [26]. The end cap modules follow a similar

construction but a slightly di�erent geometry in how the strips are arranged. The

strips in the end cap modules are set at various pitches but have an inter-strip angle

in order to cover the radial plane better [26].

When charged particles pass through the SCT, they trigger the readout of var-

ious strips within the SCT. If only two strips are read out, then the approximate
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Figure 3.7: Illustration of an SCT barrel module, note the two layers of silicon
sensors and their relative pitch. Each module is 6cm long. Figure taken from [26].

location of the particle can be inferred from the closest crossing of the two strips.

If the charged particle passes the SCT module while another strip is active (which

is possible in the high occupancy environment of ATLAS) an ambiguity arises as to

where the charged particle passed. Figure 3.8 shows this situation. The trapezoidal

geometry creates a large enough separation between the ambiguous hits that one can

be rejected in favor of the other when information from the other SCT and pixel

layers are taken into account.

Transition Radiation Tracker

The �nal inner detector subsystem is the transition radiation tracker (TRT). While

the pixel and SCT detectors rely on semiconductor technology, the TRT utilizes

ionization that occurs when a charged particle traverses material of di�ering dielectric

constants. This process depends on the species of the charged particle and can be

used in particle identi�cation [54]. For a thorough review of the physics of transition

radiation, see [13]. Figure 3.3 shows the barrel and end cap TRT. The TRT is

constructed from a series of densely packed 298,304 straw tubes, 4mm in diameter,
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Actual Location

Apparent Location

Figure 3.8: Illustration of a charged particle interacting with the SCT strips. Black
strips indicate they have been read out, grey are inactive. When three or more strips
are active, an ambiguity in the location of the charged particle arises.

which each contain an anode wire at the center [10][27]. The anode is a gold-plated

tungsten wire. The gas circulated in the straw tubes is a gas consisting mostly

of xenon. A noble gas is used in order to reduce the time that ionized particles

recombine into neutral atoms [10]. This maximizes the ability to read out when a

charged particle passes through the tube. The interstitial space between the straw

tubes is a polypropylene foam which encourages charged particles to emit transition

radiation when they pass through the TRT volume allowing for the identi�cation of

electrons. In the end caps, the interstitial volume contains foil for the same purpose

[10].

Figure 3.9 shows the geometric lengths involved in detecting the location of a

charged particle [53]. As the charged particle ionizes the gas the free charge �ows

to the anode creating a characteristic curve depending on the distance to the anode.

When the collected charge rises above a threshold it is considered a hit and the

time-over-threshold allows the determination of the radius R in Figure 3.9. This
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information is then used for the overall reconstruction of charged particle tracks in

conjunction with the information from the SCT and pixel detectors.
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Figure 3.9: As a charged particle ionizes the gas inside the straw tube, charge
is collected over time as shown in the blue pro�les indicated by the numbers in the
straw tubes. When the particle passes closer to the anode the pro�le of the deposited
charge changes [53]. Low Threshold (LT) indicates the transition between signal and
noise in the event readout.

During reconstruction, the quality of the hits extracted from the time-over-

threshold measurement of the radius must be assessed. Figure 3.10 shows the de�ni-

tion of these hits. When the estimated drift radius corresponds to where a charged

particle passed it is referred to as a precision hit. When the charged particle passes

through the tube, but the estimated radius is incorrect it is called a tube hit. When

the particle's extrapolated path passes outside the tube that registered the hit alto-

gether it is an outlier and when the tube doesn't register an expected hit at all it is

a hole [45].
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Figure 3.10: De�nition of hit qualities used by TRT reconstruction [45]

3.2.2 Calorimeter systems

The calorimeter systems used at ATLAS are shown in Figure 3.11. ATLAS utilizes

various calorimeter technologies based on stopping particles and measuring the de-

posited energy. Calorimeters at ATLAS use an interleaved geometry of scintillation

material and a dense absorbing material for stopping impinging particles. Scintilla-

tion light is collected along �ber optic cables and read out using photomultipliers.

There are two main calorimeter systems, the electronic calorimeter (ECAL) and the

hadronic calorimeter (HCAL). The ECAL is designed to fully stop and measure elec-

trons and photons. Hadrons deposit some energy in the ECAL, but typically make
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it to the HCAL before fully stopping and depositing their entire energy.

It is important to note the contrast between how the inner detector and the

calorimeter measure the momentum of particles. The location charged particles

pass are precisely measured in the inner detector. This information coupled with

the knowledge of the magnetic �eld the inner detector is immersed in allows for

the measurement of the particle's three-momentum. In order to fully extract the

relativistic four-momentum a mass hypothesis is assumed5. The calorimeter works

to measure the energy of the impinging particle by stopping it and measuring the

deposited energy. For electrons, the associated inner detector track allows for the

extraction of the four-momentum. For other particles, the energy and the location

in the detector allow the measurement of the particle's three-momentum. The error

on these two measurements is fundamentally di�erent, and the calibration of the two

detectors is performed in di�erent ways. This leads to a di�erence in the energy

measured by charged particles and is the motivation for only using the charged

fraction of hadrons produced in events of interest to this analysis.

As with other subsystems in ATLAS, the ECAL consists of separate barrel and

end-cap detectors with slightly di�erent geometries. Figure 3.12 shows a segment of

the ECAL system. The ECAL utilizes an accordion geometry to ensure that more

than one layer is active when an electron or photon is depositing its energy in the

calorimeter. This provides full coverage in the φ direction. The ECAL is �nely

segmented in η (∆η = 0.0031) close to the inner detector and less so in the bulk

of the detector (∆η = 0.025). The end of the ECAL is covered with coarse �trigger

towers� with a segmentation of ∆η = 0.1 [26]. These towers are used to trigger

on events where a coarse estimate of the event's energy is needed to decide if the

event should be recorded or not. The ECAL's active material is liquid Argon (LAr),

5 For charged particles not associated with electrons, the pion mass is assumed. For tracks with
muon spectrometer information, the muon mass is assumed.
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Figure 3.11: The ATLAS calorimeter systems

which is chosen for its intrinsic radiation hardness and its linear response to charged

particles [26]. Lead is used as the absorber in the ECAL. Lead is an ideal choice due

to its high density and the compact nature of the ECAL compared to the HCAL.

While the ECAL utilizes a accordion geometry, the HCAL utilizes a slightly dif-

ferent form. The absorption material in the HCAL is steel and the scintillation

material is a plastic based on polystyrene doped with �uors [26]. The HCAL is sepa-

rated into the barrel region, referred to as the tile calorimeter, and the forward region

covered by the hadronic end-cap calorimeters (HEC). The calorimeter is segmented

into regions of ∆φ×∆η = 0.1× 0.1 for |η| < 2.5 and ∆φ×∆η = 0.2× 0.2 for larger

values of |η| [26]. A tile module is shown in Figure 3.13. The scintillation light is

guided out to �ber optic cables which are directed to photomultipliers at the top of

the tile unit. The �ber optic cable is 3mm thick and has an emission peak at 476 nm

[26]. This means the light that is optimally transmitted by the cables is a blue-cyan
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Figure 3.12: Illustration of the ECAL granularity and geometry of a module [26].

color. Figure 3.14 shows the geometry and segmentation of the a HEC module.

3.2.3 Muon Spectrometer

Many important Standard Model processes decay to two leptons. When these lep-

tons are electrons, they are reconstructed in the ECAL and inner detector. When

they are muons, they are detected and reconstructed using the Muon Spectrome-

ter. These detector subsystems are the outermost portion of ATLAS. Portions of

the spectrometer are immersed in ATLAS's signature toroid shaped magnetic �eld.

The toroid causes the muons to bend along the z axis allowing for a more precise
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Figure 3.13: Illustration of the HCAL module's scintillation and absorber geom-
etry [26]. Figure 3.13a shows the layout of the tile calorimeter from the azimuthal
view.

measurement of the three-momentum of the particle. The mass of the muon, relative

to the electron, makes it much less likely to initiate a bremsstrahlung cascade as it

passes through the ECAL and HCAL [47]. This allows it to reach the outer region

of the detector where its location can be measured as precisely as possible.

ATLAS utilizes various detector technologies in order to measure the momen-

tum of a 1 TeV muon within 10% of its nominal value [26]. To achieve this, the

muon spectrometer consists of monitored drift tubes (MDTs), cathode strip cham-

bers (CSCs), resistive plate chambers (RPCs) and thin gap chambers (TGCs). Each

of these systems functions di�erently and serves slightly di�erent purposes. Figure

3.15 shows the muon spectrometer. Table 3.2 lists the relevant numbers and coverage

of the muon spectrometer [26].
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Figure 3.14: Schematic of a hadronic end cap calorimeter module [26].

Monitored Drift Tube

The underlying physics driving the function of the monitored drift tube is the same

as the straw tubes in the TRT. The diameter of the drift tube is signi�cantly larger

(29.970mm) and the gas used is a mix of CO2 (7%) and Ar (93%). The central anode

is a tungsten-rhenium wire and is held at 3080V [26]. Figure 3.17 shows the front

and side view of the MDT. Figure 3.18 shows how the MDTs �t together to form a

module.

The green regions in Figure 3.16b show the MDT chambers for the barrel region

which are also illustrated in Figure 3.18. MDTs are also utilized in the light-blue

regions of Figure 3.16b as the end-cap chambers. They utlizes a trapezoidal geometry

in order to better measure the radial location the muon traverses in the forward region

[26].

Cathode Strip Chambers

Cathode Strip chambers (CSCs) are utilized in the very forward regions of the de-

tector as illustrated in the yellow region of Figure 3.16b. This was done because

of the CSC's higher rate capability and time resolution [26]. The geometry of the
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Figure 3.15: The muon spectrometer at ATLAS [26]

CSC is shown in Figure 3.19. The CSC is also required for tagging the time of the

beam crossing. This requires that the time resolution of the detector be very precise.

Integrating a measurement over the layers of the CSC allows the measurement of the

time of arrival with an RMS of 3.6 ns [26].

The name Cathode Strip Chamber implies the detector type used. Cathode Strip

Chambers are a series of cathode strips and anode wires oriented ninety degrees to

each other. The cathodes are segmented to provide precision measurements of the

transverse and longitudinal directions. The anode is held at 1900 V relative to the

cathode. When a charged particle ionizes the Ar (80%) CO2 (20%) mixture, it creates

an avalanche of charge which is measured by the readout electronics. Figure 3.20a

shows the geometric layout of the anode and cathode strips in a chamber. Figure
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(a) (b)

Figure 3.16: Layout of the muon chambers in the muon spectrometer. See [26]
for detailed description of the naming scheme, roughly �B� stands for Barrel, �E� for
end cap, �L� for large, �S� for small, and �I�, �M�, and �O� stand for inner, middle,
and outer respectively [26]. In�nite momentum muons would propagate along the
blue dashed lines.

µ

29.970 mm

Anode wire

Cathode tube

Rmin

(a) (b)

Figure 3.17: Illustration of a MDT showing the cross section and longitudinal
views [26].
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Monitored Drift Tubes
Coverage |η| < 2.7 (innermost layer: |η| 2.0)
Number of chambers 1088
Number of channels 354000
Function Precision Tracking
Cathode Strip Chambers
Coverage 2.0 < |η| < 2.7
Number of chambers 32
Number of channels 31000
Function Precision Tracking
Resistive plate chambers
Coverage |η| < 1.05
Number of chambers 606
Number of channels 373000
Function Triggering, second coordinate
Thin Gap Chambers
Coverage 1.05 < |η| < 2.7 (2.4 for triggering)
Number of chambers 3588
Number of channels 318000
Function Triggering, second coordinate

Table 3.2: Summary of channels and chambers utilized for each subsystem of the
Muon Spectrometer at ATLAS [26]

3.20b is an illustration of the charge collected along the anode and subsequently

measured by the readout electronics on the cathode strips.

Resistive Plate Chambers

While the CSC and MDT utilize technologies to precisely measure the location of

muons passing in the muon spectrometer, resistive plate chambers (RPCs) and thin

gap chambers (TGCs) are primarily used to trigger on muons by providing a coarse

estimate of where and when a muon traversed the detector. The triggering system

in ATLAS is covered in detail in Section 3.2.5. Figure 3.21 shows the RPC and TGC

chambers that provide the readouts allowing fast triggering on muons. The RPC

systems are able to trigger on muons with momentum between 9-35 GeV or 6-9 GeV

depending on which system �res [26]. The RPC consists of two layers of dielectric
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Figure 3.18: A schematic of an MDT chamber utilized at atlas. RO and HV
correspond to read out and high voltage locations respectively [26]

separated by a 2mm gap �lled with gas. When a particle impinges on the plates, the

ionized charge �ows between the dielectric plates which are subsequently read out by

metal plates via capacitive coupling [26]. Figure 3.22 shows the layout of the RPC

readout strips in relation to the dielectric inserted between the copper grounding

plates. The RPCs also provide an additional measurement in the non-bending φ

direction to complement the MDT measurement [26].

Thin Gap Chambers

The TGC serves a similar purpose to the RPCs. They are the magenta regions of

Figure 3.21. TGCs and RPCs operate using similar physical processes but di�er in

the materials used [26]. The region of the TGC �lled with gas is 2.8 mm wide. The

gas mixture is CO2 and n-pentane which results in a lower gas gain. The anodes

are held at a potential of 2.9 kV. The operating parameters of the TGC allow it to
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Figure 3.19: The geometry of CSC chambers at ATLAS [26].

read out signals within 25ns [26]. Figure 3.23 shows a schematic of a TGC module

at ATLAS.

3.2.4 Track and Vertex Reconstruction

Track reconstruction at ATLAS relies on a variety of strategies to determine the best

set of track parameters to describe the momentum of the charged particles passing

through the inner detector and muon spectrometer [28]. Broadly speaking, track

reconstruction starts using an �inside-out� approach beginning with information from

the pixel detector, ambiguity resolution of silicon hit information, extension to the

TRT, and �nally an �outside-in� approach beginning from the TRT working backward

[28]. This ensures that processes which leave tracks in the outer parts of the detector

but not in the innermost silicon layers still get reconstructed. Such processes are

long-lived decays (e.g. Ks decays) or photon conversions (a photon pair-produces

leaving two tracks in the outer detector volume) [28]. Vertex reconstruction occurs

by iteratively following high-quality tracks back to a common point and assigning

these tracks to a primary vertex. A χ2 is formed and remaining tracks that are
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Figure 3.20: Left: Illustration of CSC cathode and anode wires, The anode width
S is the same as the anode to cathode distance d. Right: Cathode strip width is
b = 1.519 mm. The readout pitch a = 5.308 mm and 5.567 mm [26].

displaced more than 7σ from the primary vertex are considered for the next iteration

of vertex searching. The process is repeated until no additional vertices can be found

[59].

The actual estimation of track parameters is determined using a Kalman �lter

[28]. The Kalman �lter works by iteratively updating the best estimate of the track

parameters based on the addition of new measurements of the track parameters.

It rapidly converges to the true result in the presence of noise and uncertainty in

the measurement parameters [34]. These properties make it ideally suited for track

reconstruction in the high-occupancy environment of ATLAS.

Inside-out sequence

The three-dimensional information of the silicon hits are used to seed the track

reconstruction. Track seeds are created by applying a window search through the

seed directions which are then fed to a simpli�ed Kalman �lter that creates an initial

list of track candidates [28]. Figure 3.24 shows three tracks reconstructed during
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Figure 3.21: Layout of TGC and RPC chambers at ATLAS used to reconstruct
muons [26].

track seeding. Hits associated to tracks that lead to better track quality are scored

higher than those that do not. Similarly, poor quality hits are scored lower than high-

quality ones. After resolving ambiguous hits the resulting tracks are extended into

the TRT volume. TRT hits which lie along the reconstructed tracks are associated

with each track. The software requires that adding TRT hits to the track does not

modify the tracks extracted by the silicon hits of the previous steps [28]. Figure 3.25

shows the TRT extension procedure for a simulated tt̄ event at ATLAS, red TRT

hits are associated with the tracks reconstructed in the silicon layers. After TRT

hits are associated with the tracks, the inside-out sequence is halted.

Outside-in sequence

There are a number of physical processes causing tracks that appear in the TRT

to not be reconstructed during the inside-out reconstruction. These include long-

lived decays as well as tracks that did not survive the ambiguity solving during the

inside-out reconstruction. Hits not associated with tracks are considered in track
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Figure 3.22: Schematic of the RPC readout strips [26].

�nding and the resulting tracks are extended into the silicon to further associate

hits to the tracks. Electrons lose signi�cant amounts of energy in the TRT, which

makes the gaussian assumption underlying the performance of the Kalman �lter fail.

Di�erent pattern recognition techniques are used to reconstruct these tracks with a

high e�ciency [28].

Track Parameters

The track reconstruction algorithm as described does not make any reference to

speci�c track parameters. The unique magnetic �eld that tracks traverse as they

leave the detector makes a traditional helix parameterization di�cult, therefore a

generic set of parameters is de�ned at each measurement surface [57]

x = (l1, l2, φ, θ, q/p). (3.3)
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Figure 3.23: Schematic of the TGC layout. G-10 is a glass reinforced epoxy lami-
nate [26].

The parameters l1 and l2 are local coordinates that depend on the surface in ques-

tion. These local parameters are converted to the global kinematic parameters using

ATLAS's de�nition of perigee parameters shown in Figure 3.26 [57]. The azimuthal

angle φ and the polar angle θ are measured from the interaction point. The ratio

q/p is measured based on the curvature of the track in the magnetic �eld. Figure

3.27 shows the magnetic �eld at ATLAS in the r − z coordinates. The curvature of

the track is determined by estimating the path a track takes as it traverses the �eld

using �nite element analysis of the �eld [57].

3.2.5 Trigger

At the design luminosity at the LHC, there are approximately 1018 interactions

per second. The information describing each event takes 1.8 MB of disk space.

The hardware available at the time of the construction of the LHC means that

approximately 200 events could be written per second (i.e. a bandwidth of 2.6 GB/s)
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Figure 3.24: Example reconstruction of three tracks a b and c. Hits are scored to
determine optimal association of hits to each track. [28].

[26]. A sophisticated system of hardware and software algorithms select events to be

saved for further analysis. The entire system is referred to as the Trigger and Data

Acquisition [26]. The trigger system drives the types of analyses that can be done

as they are the �rst selection of which collision events are recorded.

The trigger is comprised of three levels, each considering more of the detector

information than the last, and each re�ning the estimates of the physics objects in

the event. The �rst level, (L1) is implemented at the hardware level. The L1 uses

the RPC and TGC chambers of the muon spectrometer and coarse information from

the calorimeters for identi�cation of τ leptons, electrons, jets, and missing transverse

energy. The L1 accept rate is 75 kHz and the decision must reach the front end

electronics in 2.5 µs. The L1 trigger also creates regions of interest (RoI) which

identify locations in η − φ space for further consideration by the level 2 (L2) trigger
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Figure 3.25: A simulated tt̄ event illustrating the TRT extension procedure. Red
TRT hits are associated with tracks represented by red hits in the silicon layers [28].

[26].

The L2 trigger and the event �lter (EF) constitute the high-level trigger (HLT).

The L2 trigger reduces the event rate to 2.5 kHz. The L2 trigger inspects the RoIs

identi�ed by the L1 trigger. The L2 trigger consists of a processing farm which runs

partial event reconstruction in order to further re�ne the event rate. The output of

the L2 trigger is passed onto the EF. The EF runs the full ATLAS reconstruction

software on the event. A �nal decision is made on the reconstructed physics objects

and these are written out to disk [26]. This analysis uses the following trigger chain:

L1_MU15 → L2_mu36_tight → EF_mu36_tight. The L1 trigger requires a roughly

identi�ed muon with pT > 15 GeV. The L2 and EF triggers require a muon with

pT > 36 GeV. There are low pT dimuon triggers available for J/ψ reconstruction but
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Figure 3.26: Perigee de�nition used by ATLAS [57].

they degrade in e�ciency at the high pT explored by this analysis [49].
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Figure 3.27: The magnetic �eld at ATLAS in the r − z coordinate plane. The
toroidal �eld is shown in the upper plot. The bottom left plot shows how uniform
the �eld is in the azimuthal direction. The y axis shows the strength of the magnetic
�eld while the shade of gray represents the radial coordinate. The bottom right plot
shows a zoomed in view of the solenoidal �eld in the inner detector [57].
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4

Event Reconstruction and Selection

4.1 J/ψ reconstruction

In Chapter 2 the J/ψ particle is understood as a quarkonium state consisting of a

charm and an anti-charm quark. After the pair is produced, it rapidly decays to

either hadrons, a pair of electrons or a pair of muons (see Table 4.1) [47]. In order

to decay to pairs of leptons, the quark pairs must decay through a virtual photon

(electromagnetically). If the �nal state is a parton, the pair can decay through a

gluon (via the strong interaction) or a virtual photon. This leads to the relative size

of the electron and muon contribution to the decay modes.

J/ψ Decay Mode Fraction
hadrons 87.7± 0.5 %
e+e− 5.971± 0.032 %
µ+µ− 5.961± 0.033 %

Table 4.1: Summary of J/ψ decay modes [47]

While the rate of J/ψ decaying to muons is around 6%, it represents a very clean

experimental signal. One of the major design requirements of ATLAS is the accurate

reconstruction of muons across a wide momentum range.
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Events which contain a high pT muon are inspected for J/ψ candidates by checking

for additional muons in the event. If there are two oppositely charged muons in the

event, they are considered as a J/ψ candidate by re�tting the tracks to a common

vertex. This process modi�es the track momentum slightly to more accurately re�ect

the hypothesis that the pair originated as a J/ψ. Figure 4.1 illustrates this process.

When a pair of muons is identi�ed as a J/ψ candidate, those muons are removed from

the inner detector track collection considered by the jet reconstruction algorithm.

After event reconstruction, the J/ψ candidate is required to have pT > 45 GeV, and

an absolute rapidity |y| < 2.0. Each muon must be central to the detector with

|η| < 2.5. Finally, the invariant mass of the dimuon pair is required to be greater

than 2.6 GeV and less than 4 GeV.

  

Figure 4.1: Illustration of how re�tting oppositely charged tracks to a common
vertex changes the track.

When a meson containing a b quark is produced, the b quark may change �avor to

a c quark through the weak force. The time it takes to complete this process is quite

long which allows the experimental discrimination of events containing a b quark.

The long lifetime of b �avored mesons means that the decay vertex is displaced from

the primary vertex. By measuring the distance between the re�tted vertex and the
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primary vertex of the event, an estimate of the lifetime of the particle can be made.

Events which are displaced are referred to as non-prompt, while events which are not

displaced are referred to as prompt. The lifetime can be estimated by measuring the

displacement vector from the primary vertex (L) and projecting it on the transverse

momentum vector (pT ). This quantity is referred to as Lxy
1. Determining the

pseudo-proper lifetime is then a matter of scaling this quantity by the ratio of the

mass and transverse momentum of the particle2:

Lxy =
L · pT
pT

(4.1)

cτ =
MJ/ψ

pT (µµ)
Lxy (4.2)

Figure 4.2 shows the geometric de�nition of these quantities.

The lifetime distribution breaks down as follows:

� A large fraction of signal events will be centered around cτ = 0

� A small fraction of events will contribute to a non-coherent component with

an exponential decay positive and negative in cτ

� A large fraction of background events will follow an exponential decay with a

lifetime equal to the geometric mean of the B hadron lifetimes that contribute

to the overall background.

It is possible that two oppositely charged muons are produced near enough to

each other that they are re�t as a J/ψ candidate without originating from a cc̄ pair.

Since these events come from the wrong combination of muons, they are referred

to as the combinatoric background. The invariant mass of these muon pairs does

1 Recall the transverse plane (T) is the x− y plane in the cartesian coordinates used by ATLAS
where the beam line is the z axis.

2 In the high energy limit, the relativistic gamma factor is proportional to the ratio pT /m.
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not produce a resonance near the mass of the J/ψ the way muons from J/ψ decays

do. This makes the invariant mass Mµµ the variable which discriminates true J/ψ

candidates from the wrong combination of muons.
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Primary Vertex

μ- μ+

p
T

L

Figure 4.2: The de�nition of the pseudo-proper lifetime is derived from the signed
projection of the distance between the primary vertex and the secondary vertex.

4.2 Jet de�nitions

In Chapter 2 the discussion of jets ended with the hadronization of partons to be

reconstructed by the detector. This section describes how the detector level objects

are grouped together to form candidates which represent the originating parton in

those interactions. When a single hard parton showers and subsequently hadronizes,

the QCD radiation emitted is typically collinear with the parton. This results in

hadrons which are collimated in the detector.
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A rigorous jet de�nition simultaneously captures the momentum of the parton

before the parton shower and has a well-de�ned prescription for associating detector

level objects to the jet [56]. Two critical properties of such an algorithm are infrared

safety and collinear safety. Infrared safety means that adding soft (low momentum)

radiation to the event doesn't change the reconstructed jets. This is illustrated in

Figure 4.4. Collinear safety means that if a single hard particle is split into a collinear

pair, the reconstructed jets remain the same as illustrated in Figure 4.3 [56].

  

Collinear Unsafe

Collinear Safe

Figure 4.3: Collinear safety means splitting one hard momentum vector into two
does not change the jets reconstructed by the algorithm.

4.2.1 Jet Reconstruction

There are many reconstruction algorithms that satisfy the conditions outlined above.

The algorithm used in this work is the anti-kt algorithm, a sequential recombination

algorithm widely used in modern high energy physics experiments. Sequential re-

combination algorithms operate in the following steps:

1. A list of the pseudo-jet's momentum are provided as input (on the �rst step
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Infrared Unsafe

Infrared Safe

Figure 4.4: Infrared safety means adding a soft particle to the list of particles does
not change the jets reconstructed by the algorithm.

this is a list of the reconstructed particle's momentum)

2. For each pseudo-jet i a quantity dij and diB is calculated where dij is a distance

measure between the pseudo-jet i and another pseudo-jet j. The quantity diB

is the distance between the pseudo-jet and the beam.

3. The minimum of dij and diB is determined. If dij is smaller, the two momenta i

and j are combined to form a new pseudo-jet. If diB is smaller, this pseudo-jet

is considered as a jet and removed from the list of pseudo-jets.

4. Steps 1-3 are repeated until no pseudo-jets remain.

In the anti-kt algorithm the distance measure is de�ned as:

dij = min(k−2ti , k
−2
tj )

∆2
ij

R2
(4.3)

diB = k−2ti (4.4)
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Here ∆2
ij = (yi − yj)

2 + (φi − φj)
2, kt, φ, and y being the transverse momentum,

azimuthal angle and rapidity of the pseudo-jet four vector respectively [24]. The

parameter R is the predetermined radius of the jets. For this work R = 0.4 is

used. Anti-kt produces circular jets as opposed to other sequential recombination

algorithms. Figure 4.5 shows the anti-kt clustering for a three-jet event.

  

1 2 3

4 5 6

7 8 9

Figure 4.5: Illustration of the anti-kt algorithm. Each step clusters a new particle
until a jet is formed and clustering continues until no pseudo-jets remain.

Jets in this analysis are reconstructed with the anti-kt clustering scheme using

inner detector tracks as the pseudo-jets. In order to correctly capture the dynamics

of the radiation environment around the J/ψ, the muons associated with the recon-

structed J/ψ are removed from the list of tracks considered for jet reconstruction.

In place of these tracks, the J/ψ four vector is added. This provides as accurate

a representation of the charmonium and the embedded radiation as possible. The
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tracks considered in reconstruction must be high quality. In order to achieve this,

they must have a minimum pT of 500 MeV, a maximum absolute pseudo-rapidity,

|η| < 2.5, at least one hit in the pixel detector and 6 SCT hits. Finally, the �t χ2

must be at most 3. Impact parameter cuts (see Figure 3.26) z0 sin(θ) < 1.5 mm and

d0 < 1.0 mm are also applied. These cuts increase the quality of the selected tracks.

The �nal set of jets that are reconstructed must be central to the detector |η| < 2.5

and must have high transverse momentum pT > 45 GeV. Finally, the J/ψ and the

jet must be within ∆R < 0.4 (the reconstructed jet radius).

4.3 Observables

At this point, it is useful to introduce the observables used in this analysis. There

are two: z and ∆R. The �rst, z is the momentum fraction shared between the J/ψ

and the reconstructed jet. The momentum fraction is de�ned as:

z =
pT (J/ψ)

pT (Jet)
. (4.5)

As a reminder, the jet is clustered to include the J/ψ four-vector. As a result, the

momentum fraction exists in 0 < z ≤ 1. This fraction directly probes the energy

carried by the J/ψ compared to the surrounding radiation which is assumed to result

from the parton shower. A value around z = 0.5 indicates that the pT of the J/ψ

and the pT of the surrounding radiation are equal. A value of z ' 1 indicate that

all the momentum is carried by the J/ψ and very little in surrounding radiation.

Similarly a z value near zero indicates all the is momentum carried in the radiation

within an R = 0.4 cone of the reconstructed J/ψ3.

The second variable examined by this analysis is the angular separation between

3 This is very unlikely to happen due to the high pT requirement of the J/ψ.
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Figure 4.6: Pythia 8 prediction of each production mechanism for z and ∆R

observables. The lower panel shows the ratio of each sample to the 1S
(8)
0 process

in order to show the similarity between the other octet processes and the di�erence
between the singlet processes.

the J/ψ and the reconstructed jet. This quantity, denoted ∆R, is de�ned as:

∆R =
√

∆φ2 + ∆η2. (4.6)

If the radiation emitted around the J/ψ is isotropic in φ− η, then the ∆R between

the J/ψ and the reconstructed jet should be ∆R = 0. The more the production

of the cc̄ system depends on the fragmentation of partons, the more likely the ∆R

measurement will be peaked away from ∆R = 0. Put another way, no radiation

activity around the J/ψ will correspond to ∆R = 0. A large amount of radiation

around the J/ψ increases the chance that hard emissions change the alignment of

the J/ψ to the surrounding radiation. Figure 4.6 shows Pythia's prediction of z and

∆R for the singlet and octet components available for simulation [58].
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5

Analysis Methods

5.1 Likelihood Formalism

The maximum likelihood (ML) �t method is a statistical method for estimating

parameters which describe the probability density function (PDF)1. The PDF can

be motivated by physical �rst principles or empirically. The likelihood function is

de�ned as the probability of a set of parameters given observed data. Maximizing

the likelihood function with respect to these parameters provides a best estimate of

the parameters. The likelihood function is constructed as a product over probability

functions for observing a random variable x [19]

L =
N∏

i=1

p(xi|θ). (5.1)

Here N is the number of observed events and θ is a vector of parameters which

describe the PDF2. It is important to note that the parameters θi do not represent

a conditional probability. Instead, they are parameters of a function describing the

1 This section follows the notation in [41] which di�ers slightly from the notation used in literature.

2 For example, in the function of a line p(x|m, b) = mx+ b, the slope (m) and intercept of a line
(b) are parameters of the variable x.
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PDF, independent of the random variable observed (xi). Each probability function

p(x|θ) is normalized [19]:
∫
p(x|θ)dx = 1. (5.2)

Rather than maximizing the likelihood directly, it is easier to maximize (minimize)

the (negative) logarithm of the likelihood,

− logL = −
N∑

i=1

log(p(xi|θ)). (5.3)

Equation 5.3 is minimized over the parameters θj. The value of these parameters

represent the estimation of the PDF that most likely describes the observed data,

hence the name �maximum likelihood �t.� The computational framework that allows

the use of the ML �t is RooFit, a general purpose statistical tool for performing

and evaluating �ts to data [63]. The algorithm used by RooFit to perform the

minimization is a gradient descent called Minuit [40].

5.1.1 Extracting the Signal

The likelihood method provides a powerful tool for assessing the likelihood that a

particular event is signal or background depending on the parameters extracted from

the �t. The technique used for this purpose is called sPlot [50]. This method utilizes

properties of the extended likelihood formalism to derive a set of weights representing

categories parametrized by the PDFs used in the ML �t. SPlot requires that the

normalization condition of equation 5.3 be relaxed such that for a given component

of the likelihood function [19],

∫
P (x|θ)dx = N(θ). (5.4)
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This allows the re-expression of the negative log-likelihood function as [50]

− logL = −
N∑

i=1

log(
Ns∑

j=1

Njpj(xi|θ)). (5.5)

In this expression Ns is the number of species (in this case, signal or background) to

be separated, Nj is the number of the j
th species and pj is the PDF describing the

jth species. SPlot also requires knowledge of the covariance matrix. This is can be

estimated from the likelihood function by [50]

V −1(θ̂)ij =
∂2(−L(x|θ0))

∂Ni∂Nj

, (5.6)

here θ0 are the parameters estimated from the ML �t. With these ingredients it is

possible to derive the weights required to reconstruct a histogram of the estimated

signal. The expression obtained is

WS(x) =

∑Ns

j=1 VSjpj(x)
∑Ns

k=1Nkpk(x)
. (5.7)

The matrix Vij is obtained from the likelihood function by numerically inverting

equation 5.6. It is informative to expand this expression for the case of two species,

signal and background as used in this analysis. For the case of signal the weight is

WS(x) =
VSSpS(x) + VSBpB(x)

NSpS(x) +NBpB(x)
. (5.8)

In this expression it is clear that the weight depends on the PDF for the signal

and background and is weighted by the covariance of these two components. In the

extreme case where signal and background are perfectly separated the covariance

matrix is diagonal and the weight reduces to

WS(x) =
σS

NSpS(x) +NB
pB(x)
pS(x)

, (5.9)
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where σS is the variance of the signal PDF. In this reduced case, a small probability

of signal leads to a small weight. Conversely, a large probability of being signal (and

a small probability of being background) gives a large weight. This weight is applied

per event and on average it reproduces the signal histogram.

5.2 Empirical Model

In Section 4.1 the two sources of background were introduced: non-prompt decays

from B hadrons distinguished by the cτ distribution and combinatoric events from

the wrong pair of muons distinguished by the invariant mass of the di-muon pair

Mµµ. The �t to the data is parameterized by a joint PDF in Mµµ and cτ . The

speci�c parameterization has been used previously to extract J/ψ events [46]. It is

de�ned as:

PDF (m, t) =
∑

i

fi(m) · hi(t)⊗ g(t). (5.10)

Here ⊗ is convolution while · is PDF multiplication. In the following ⊕ refers to a

weighted sum of two PDF components such that the result remains properly nor-

malized. The individual �t components are listed in Table 5.1. The function g(t) is

resolution function of the lifetime distribution. It is a double-gaussian and is con-

volved with each lifetime component. The choice of these speci�c functions and the

i Source fi(m) hi(t)
1 Prompt J/ψ CB1(m)⊕G1(m) δ(t)
2 Non-prompt J/ψ CB1(m)⊕G1(m) E1(t)
3 Prompt Background P 0(m) δ(t)
4 Non-prompt Background P 1(m) E2(t)
5 Non-coherent Background E3(m) E4(|t|)

Table 5.1: Individual components of simultaneous �t to data. Functions are notated
as follows: δ(x), the dirac delta function; CBk(x), the kth Crystal Ball function;
Gk(x) a Gaussian function; Ek(x), the kth exponential decay; P n(x) a polynomial
of degree n. A function with the same k index shares the same free parameters.

components they model deserve explanation. The constructed PDF is a joint PDF
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in Mµµ (denoted m in the �t) and cτ (denoted t in the �t). This means that each

component must have a mass component and a lifetime component. The shape used

for the J/ψ resonance in m is the sum of a Gaussian and a Crystal Ball function.

The Crystal Ball has the shape of a Gaussian, but is asymmetric and allows the

correct modeling of losses that give the resonance a low mass tail. The function is

de�ned as:

f(m;α, n, µ, σ) = N ·
{

exp
(
− (x−µ)2

2σ2

)
for x−µ

σ
> −α

A ·
(
B − x−µ

σ

)−n
for x−µ

σ
≤ −α

, (5.11)

A =

(
n

|α|

)n
exp

(
−|α|

2

2

)
, (5.12)

B =
n

|α| − |α|. (5.13)

Here N is the normalization factor, µ is the mean and σ the width of the Gaussian

portion. The parameters n = 1 and α = 10 are �xed in the �t but varied in separate

�ts to assess their impact on the systematic uncertainty.

The signal component is de�ned as the prompt J/ψ component; the remainder

is background. The non-prompt component shares the same mass signal PDF but

has an exponential distribution in t. The remaining components of the PDF do

not contribute to the estimate of real J/ψ events. The portion of events which

appear prompt but are from the wrong combination of muons, a constant function

in mass and a delta function in t are used. There is a portion of events which

appear to have a negative lifetime depending on the measurement of Lxy. This

component is modeled as a double-sided exponential in t and an exponential in

m. The combinatoric background component is linear in m and exponential in t.

Including fractions which �oat to ensure the PDF is normalized, the �t includes

fourteen free parameters.

Figure 5.1a and Figure 5.1b shows the result of the simultaneous �t to the 2012
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Figure 5.1: Result of unbinned likelihood �t to invariant mass distribution of
dimuon pairs in data and pseudo-proper lifetime distribution. See 5.1 for a list of
the �t components.

data set for the dimuon invariant mass distribution and pseudo-proper lifetime dis-

tribution respectively. Selected �tted values of the PDF are summarized in Table

5.2.

Parameter Name Fitted Value
J/ψ Mass 3.0969 ± 0.0002 GeV
J/ψ Width (0.82 ± 0.01)Ö 10-1 GeV
Lifetime 0.313 ± 0.001 mm
Non-coherent Lifetime 0.161 ± 0.003 mm
Non-prompt Lifetime 0.344 ± 0.002 mm
Resolution Width (0.109 ± 0.001)Ö 10-1 mm
Second Resolution Width (0.308 ± 0.005)Ö 10-1 mm
Non-Coherent Mass c1 -0.2640 ± 0.0004 1/GeV

Table 5.2: Summary of �t to dataset with nominal parameterization. Estimated
distance to minimum of negative log likelihood minimization: 0.84577Ö 10-3.
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Figure 5.2: Two-dimensional histogram of ∆R vs discriminating variables used to
extract background component from sPlot method

5.2.1 Validating signal extraction

A fundamental assumption of sPlot is that the variable of interest (∆R and z) is

uncorrelated with the discriminating variables (cτ and Mµµ). The 2D histograms of

the interest variables versus the discriminating variables and their global correlation

is shown in Figure 5.2 and 5.3.

In order to ensure the background extraction procedure is correctly estimating the

shape, sideband regions are de�ned and compared to the sPlot estimate. Sideband

regions are intervals of cτ and Mµµ where the background is expected to dominate

the distribution. If these shapes roughly agree, then there is con�dence that sPlot

is correctly estimating the shape in the signal region. The non-prompt background

region is de�ned as 3σcτ < ct < 50 mm where σcτ is determined from the simultaneous

�t. The combinatoric background region is de�ned as more than 3σm where σm is

the width of the �tted mass peak. Figure 5.4 shows the result of this comparison.

While this gives con�dence that the background shape is estimated properly, it

is useful to compare the signal shape of the transverse momentum distribution to
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Figure 5.3: Two-dimensional histogram of Jet z vs discriminating variables used
to extract background component from sPlot method
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ensure that the Monte Carlo is correctly modeling this shape. The comparison of

the reconstructed jet pT and J/ψ pT are shown in Figures 5.5a and 5.5c. In addition,

Figure 5.5b and 5.5d show the sPlot estimations of the signal and background. It

is expected that the non-prompt fraction increases with the J/ψ's pT [46] which is

observed in Figure 5.5d.

5.3 Unfolding

Implicit in the measurement of any quantity is the uncertainty associated with the

measurement. There are systematic e�ects which may distort the true value of the

quantity measured. The size of these e�ects is estimated through the assessment of

systematic errors by varying the input and taking the di�erence from the nominal

result. The �nite resolution of the detector will distort the measured value relative

to the true value in a random but consistent way [29]. It is the goal of unfolding to

remove these types of e�ects. This problem goes under di�erent names in di�erent

�elds such as deconvolution or unsmearing [29].

In the case of a perfect detector, the number of events observed in a particular

bin of a histogram will be given by a continuous probability distribution [29]

Ti = N

∫

x∈bin(i)
f(x)dx. (5.14)

Here T is referred to as the truth histogram and f(x) as the true probability dis-

tribution function. The factor N is the number of events observed in a particular

experiment. The function bin(i) is a function which gives the interval in x for the

given bin i. In reality the detector is not perfect, and the measurement will be dis-

torted. If an event can occur without being detected, the e�ciency of detection is

less than one. This e�ciency may vary with the observable, and so it is assigned

a function ε(x). In this form the e�ciency represents the probability of detection.
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Incorporating the e�ciency is a matter of multiplying the probability an event occurs

by the probability of detecting it [29]

Hi = N

∫

x∈bin(i)
ε(x)f(x)dx. (5.15)

The label H is used to refer to what is actually observed as a result of an experiment

with an e�ciency. One �nal possibility remains: an event has a true value x and

the detector measures its value to be y. This can be cast in terms of conditional

probability as P (y|x), which is read as �the probability of observing y given that the

true value was x.� The observed histogram becomes [29]

Hi = N

∫

y∈bin(i)

∫
P (y|x)ε(x)f(x)dxdy. (5.16)

Note here the slight change in integration: the number of events observed in the ith

bin is given by the integral over all possible truth values multiplied by the probability

to detect them, and the conditional probability that they are miss-measured with a

value y.

It is useful to combine the detection e�ciency and the probability the detector

changes a measurement from its true value in one function, the response function

[29],

r(y|x) = P (y|x)ε(x). (5.17)

In practice the integral over x in equation 5.16 is a sum over the bins in a truth

histogram obtained from Monte Carlo simulations of the detector. In this case it is

useful to consider the discrete case by applying the same method to determine the

75



truth histogram as in equation 5.14

Hi =
M∑

j=1

∫
x∈bin(i)

∫
y∈bin(j) r(y|x)f(x)dydx

Tj/N
Tj, (5.18)

=
M∑

j=1

RijTj, (5.19)

Rij =

∫
x∈bin(i)

∫
y∈bin(j) r(y|x)f(x)dydx

Tj/N
. (5.20)

The response3 matrix Rij is the conditional probability of observing an event in bin

i given the true value was in bin j. When a true value is modi�ed by the response

function, it is �folded� to give the expected result of the experiment. The inverse

process of determining the true value given the result of the experiment is referred

to as �unfolding.�

With the response matrix in hand, it is tempting to invert it and obtain a direct

estimate of the truth

Hi = RijTj,

Ti = R−1ij Hj.

The issue with this approach lies in the fact that the response matrix is estimated

from Monte Carlo simulation and applied to the result of a measurement. The result

of the measurement are subject to statistical �uctuations independent of those given

in the estimate of the response. When the inverse response matrix is applied, these

�uctuations are enhanced and overwhelm any physically meaningful shape that is

recovered from the inversion [29].

It is the goal of any unfolding method to estimate the inverse of Rij in a way

that regularizes the �uctuations in the estimate of the truth caused by the statistical

�uctuations in the experimental measurement. Bayes' theorem provides one way of

3 The name response is given in the sense of how the detector �responds� to a given truth input.
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performing an iterative procedure that allows an estimate of the truth distribution

before the �uctuations grow too large to make conclusions useless.

5.3.1 Iterative Bayesian Unfolding

Bayes' theorem provides a way of �inverting� the conditions for a conditional proba-

bility. Using the notation above and assuming ε(y) ≡ 1 [12]4, Bayes theorem is given

as

P (x|y) =
P (y|x)f(x)∫
f(x)p(y|x)dx

≡ P (y|x)f(x)

g(y)
, (5.21)

g(y) =

∫
f(x)p(y|x)dx. (5.22)

here the correspondence that x is the true value and y is the measured value is made

more explicit. This allows f(x), the true distribution, to be estimated as

f(x) =

∫
g(y)P (x|y)dx. (5.23)

The issue is that in plugging equation 5.21 into this de�nition of f(x), shows the

explicit dependence of P (x|y) on f(x). The way forward is to determine a �rst

estimate of f(x) and iteratively update it based on the estimate of P (y|x) from

simulations. If one starts after k+1 steps, the following can be written by iteratively

applying Bayes' theorem,

fk+1(x) =

∫
fk(x)

gexp(y)

gk(y)
P (y|x)dy. (5.24)

Here gexp(y) is the distribution obtained by the experiment. The denominator, gk(y),

is the result of folding the kth estimate of f(x) with the response function P (y|x).

On each successive iteration, gk(y) will approach gexp(y) as long as fk(x) approaches

the true value f(x).

4 This section follows the steps in [12] which is internal to ATLAS. The references therein are
included here as well to allow access to the primary sources without access to the internal document.
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The procedure can be stopped according to di�erent criteria. In the case of this

analysis, the number of iterations is determined ahead of time by unfolding a known

truth distribution that has been folded with the estimated response matrix. When

the value of Pearson's χ2 between a known truth distribution and each iteration

reaches a minimum, the procedure is halted and that number of iterations is used to

unfold the data.

Estimating the Response Matrix

The response matrix is estimated from the truth information contained in Monte

Carlo simulations of the signal process. For the purposes of estimating the detector's

response to the signal process, all sub-processes are considered as signal (no distinc-

tion is made between singlet or octet in estimating the matrix). For a given set of

events that pass the selection criteria at the detector level, a plot is made of the

measured value by the simulated detector (referred to as �reconstructed�), and the

value that was generated by the particles that were input to the detector simulation

(referred to as �truth�). The result is a two-dimensional histogram whose axes range

across the physical range of the variable. The ordered pair (truth, reconstructed) are

plotted and the histogram bin these values fall into are accumulated. The resulting

distribution is an estimate of the response matrix as de�ned in equation 5.20. In

the limit of in�nite simulated events, this histogram will converge to the PDF in

equation 5.20.

Validating the Method

The crux of unfolding is to estimate an unknown truth distribution as accurately

as possible using the incomplete description provided by the detector. In order to

have con�dence in the results, it is important to assess the method using controlled

inputs. This is achieved by using a known truth distribution (a single gaussian
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centered at the physical range) and folding it with the estimated response matrix to

create a pseudo-reconstructed distribution. The unfolding procedure is applied to

the pseudo-reconstructed distribution and it is compared to the truth distribution.

If the truth distribution falls outside the physical range of the response matrix it

is truncated. Therefore, the range of validity of the unfolded pseudo-reconstructed

distribution is the physical range covered by the response matrix. Figures 5.6 and

5.7 show the estimated response matrix and the unfolding validation test for the z

and ∆R distributions respectively.
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(c) J/ψ pT
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Figure 5.5: Transverse momentum distributions of the J/ψ and matched jet com-
pared to the Pythia prediction (red for singlet, blue for octet, left panel). Signal
(orange) and background (green) compared to data (right panel).
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6

Measurement of prompt J/ψ particles

6.1 Data sets

Monte Carlo samples are used to validate the �t to data, estimate the response

matrix, and derive the systematic errors for comparing to data. The samples used

to model the signal and non-prompt background sources are listed in Table 6.1.

Process Cross Section [fb]

cc̄(3S
(8)
1 )→ J/ψ 8260

cc̄(3P
(1)
J )→ J/ψ 587

cc̄(3P
(8)
J )→ J/ψ 15.6

cc̄(1S
(8)
0 )→ J/ψ 12.5

cc̄(3S
(1)
1 )→ J/ψ 0.307

Table 6.1: Monte Carlo samples used and their simulated cross section. Each cc̄
sample consists of 105 events.

Data is collected at the LHC in units called periods. Each period is given an

alphabetic designation. During the 2012 data taking there were ten distinct periods

which amounted to a combined luminosity of 19.5 ± 0.6 fb−1. The luminosity for

each data period is summarized in Table 6.2.
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Period Luminosity (pb-1)
A 707.237
B 5000.60
C 1220.05
D 3219.76
E 2355.36
G 1278.50
H 1378.68
I 1012.50
J 2516.94
L 839.218
Total 19528.845

Table 6.2: Dataset periods during 2012 data taking used in this analysis and their
processed luminosity

6.2 Systematic Uncertainties

A systematic error in an experiment is an error introduced by the method of mea-

surement. This is in contrast to a statistical error which arises due to the �nite

number of events in the analysis. In theory, statistical errors can be made arbitrarily

small by collecting arbitrarily large amounts of data. Systematic errors, which are

intrinsic to the measurement, cannot be made smaller by collecting more data. If

a systematic error is found to be too large, more sophisticated methods must be

used to reduce the error. In this analysis, the systematic errors are assessed on the

Monte Carlo simulation, the unfolding procedure, and the background subtraction.

In each case, the source of the systematic error is assessed by applying a change to

the procedure and taking the di�erence from the nominal result as the symmetric

error. These errors are added in quadrature with the statistical error to produce the

�nal error band.

6.2.1 Trigger shape

As mentioned previously, the trigger choice presents the possibility of signi�cantly

biasing the result if care is not taken. This analysis could use either an isolated
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Figure 6.1: Comparison of isolated an non-isolated trigger for the variables of
interest, z and ∆R.

muon trigger or the non-isolated trigger used by this analysis. In the former case, an

isolation requirement is applied in order to increase the quality of the reconstructed

muon. An isolation requirement ensures that there is no extraneous radiation in the

vicinity of the reconstructed muon. This is counterproductive to the goal of this

analysis. Figure 6.1 shoes the interest variables broken down by trigger choice and

demonstrates the bias of using an isolated trigger.

6.2.2 Monte Carlo

The Monte Carlo samples are used in the response matrix estimation, as well as

in comparing the shape to data. They contain the best description of the detector

available. There are three main e�ects that can systematically change the estimate

of the four vector of the track based observables: the scale of the track (i.e. a

shift in the mean of the distribution), the resolution of the track and the e�ciency to

reconstruct the track (i.e. a shift in the width of the distribution). Muons are further

complicated by the fact that they are the estimate of two detector subsystems, the

inner detector and the muon spectrometer. Therefore there are systematic e�ects
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associated with each of these contributions to the momentum measurement.

Previous measurements of the inclusive tracking e�ciency for muons using the

tag-and-probe method allow an e�ciency scale factor to be applied to simulated data

[4]. The uncertainty on the energy scale of the muon is found by varying the energy

up and down depending on the pT and η of the muon. As mentioned above, muons

consist of an ID and an MS track, leading to resolution terms from each part of the

detector. These are assessed separately and added in quadrature with the rest of the

systematic errors.

Similar to muons, the track jets also have e�ciency, scale, and resolution uncer-

tainties. In order to assess their overall impact on substructure variables, the jet

reconstruction is run on each variation. Previous measurements of the tracking e�-

ciency allow tracks to be dropped randomly according to this distribution to assess

the e�ect of missing a track during reconstruction [2]. This is the largest source of

systematic error on the Monte Carlo samples used. Modifying the momentum scale

of each track by 2% is shown to adequately cover this uncertainty [5]. The resolution

(how well two tracks of slightly di�erent momentum can be resolved) is found by

varying the four vector of each track according to a gaussian with width 10% of the

nominal momentum [60].

6.2.3 Unfolding

The largest source of uncertainty in unfolding is the estimation of the response ma-

trix. This is assessed by estimating a new response matrix for each variation described

in the previous section on Monte Carlo uncertainties. The resulting matrix is used

to unfold the data, and the di�erence from the nominal result is added in quadrature

with the remaining errors. In addition to this source of error, there are the statistical

errors which are propagated through the method as part of the algorithm. The �nal

source of error is on the method itself. This is assessed by �lling a pseudo-truth dis-
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tribution, folding it with the response matrix, and unfolding the result. The error is

the di�erence between the unfolded pseudo-truth and the pseudo-truth distribution.

6.2.4 Background Subtraction

Correct estimation of the background depends on the empirical parameterization of

the signal and background processes. In order to assess the e�ect that each compo-

nent has on the overall estimate of the background, a di�erent model is assumed for

each component. The background subtraction technique is applied with this varia-

tion, and the di�erence from the nominal result is taken as the error for that part of

the parametric model.

Resolution: The resolution of the lifetime distribution is modeled with a double-

gaussian. This allows two widths to �oat as well as their relative normalization to

better capture the distribution observed in data. In order to assess the impact of

this choice, a single gaussian is used.

Combinatoric Mass: The combinatoric component of the mass background is

modeled as the sum of an exponential term and a �rst degree polynomial. The e�ect

of this choice is assessed by separately making the exponential term a constant, and

varying the degree of the polynomial between one and three.

Mismeasured Lxy background: There is a fraction of events whose Lxy values

are mismeasured. This is parametrized by symmetric exponential centered at cτ = 0.

The choice of this parameterization is assessed by restricting the exponential to be

one-sided for negative lifetimes.

Crystal Ball parameters: The Crystal Ball function (equation 5.11) models

radiative losses through asymmetric tails in the gaussian distribution. The param-

eters α and n control the strength of this e�ect. The α parameter is set to α = 1

from its nominal value of α = 10. The n parameter is set to n = 5 from its nominal

value of n = 1.
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6.3 Results

This analysis produces three distributions: the inclusive distribution of signal and

background (Figures 6.3b and 6.3d), the background subtracted detector level dis-

tribution, and the unfolded distributions (Figures 6.4a and 6.4b). The background

subtracted distribution is compared to Pythia's prediction which also has event re-

construction applied (Figures 6.3a and 6.3c). The inclusive distributions and the

unfolded distributions are presented on their own.
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Figure 6.2: Fit variations for each source of parameterization in the ML �t. In
6.2a the resolution function is switched with a gaussian. In 6.2b the mass background
polynomial is varied. In 6.2c the symmetric lifetime component is made asymmetric.
In 6.2d the Crystal Ball parameters that are �xed are varied.
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Figure 6.3: In 6.3a and 6.3c Pythia's prediction compared to subtracted data for
z and ∆R observables. The stack shows each component of prompt J/ψ production
in Pythia. The grey error band is the quadrature sum of all systematic error sources

across all MC samples. The dominant components are 3P
(1)
J and 3S

(8)
1 due to the

relative size of their cross sections based on the default parameters. In 6.3b and 6.3d
the estimated signal and background components estimated from sPlot. The signal
is added to the background to show closure with the observed data. Error bars are
the statistical errors on the method.
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Figure 6.4: Unfolded signal distributions for z and ∆R observables. The shaded
error band is the statistical (dark grey) and �t systematic (light grey). The error
lines represent the quadrature sum of all error sources.
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7

Conclusion

7.1 Discussion

This analysis has identi�ed two variables for describing the production of J/ψ par-

ticles in hadronic collisions that have previously been poorly explored and can dis-

criminate between models of J/ψ production. The ∆R distribution in Figure 6.3c

shows that the data peaks in a slightly di�erent place and has a longer tail than the

combination of singlet and octet components provided by Pythia. Cross-checks of

the muon pT in data compared to Monte Carlo indicate that this e�ect may be due

to the asymmetry in muon momentum due to the trigger requirement of one high

momentum muon. The momentum fraction z (Figure 6.3a) has the most signi�cant

disagreement between the Pythia prediction and the observed data. The data seems

to indicate that more momentum is carried by the jet than the J/ψ candidate (mean

z before unfolding is z ≈ 0.7, Pythia predicts z ≈ 0.9).

The momentum fraction z directly probes the parton shower splitting leading

up to the production of the J/ψ. Pythia models this process by allowing the cc̄

state to radiate gluons until the state falls below a threshold at which point it emits

as soft gluon and produces a J/ψ. The fact that the splitting function used is
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q → qg leads to a z distribution that is sharply peaked at z ' 1. If instead,

the J/ψ is produced during the fragmentation of an energetic gluon, the proper

splitting function is g → gg until the gluon reaches an energy favorable for J/ψ

production. This would in�uence the z distribution, causing it to peak at lower

values of z as observed in the data. A recent measurement at the LHCb [6] of the

momentum fraction, z at |η| > 2.5 and
√
s = 13 TeV shows a similar discrepancy

between Pythia's description and the observed data. A recent analysis of the data

[18] supports the gluon fragmentation interpretation of the data. If this is borne out

by further analysis of the unfolded data presented in this work, a solution to the

polarization puzzle may be found by examining the surrounding radiation in which

J/ψ production is embedded.

The shape of the data and the di�erences between how the J/ψ is produced in

the Fragmenting Jet Function (FJF) framework compared to Pythia suggest that

modifying Pythia's treatment of the octet state shower may reduce disagreement

between the data and the simulation. Pythia is the only general purpose Monte Carlo

generator currently available that produces J/ψ using the NRQCD description of J/ψ

production. This work indicates the need for more robust Monte Carlo simulations

which better describe J/ψ production in hadronic collisions. Work has been done to

implement the partonic cross sections for NRQCD quarkonium states in Sherpa by

the author of this thesis. If this work is published, Sherpa may provide a valuable

cross-check to Pythia's prediction. In addition, Sherpa is well placed to modify its

treatment of the parton shower of the quarkonium state from the outset.

This work provides new observables that may constrain the predictions from

NRQCD in interesting ways. It may be possible to use the z distribution to extract

new LDMEs and subsequently compare to the pT spectrum (or vice versa). In the

original incarnation of this work, other substructure variables1 were shown to dis-

1 N-subjettiness moments and their ratios [61].
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criminate between the singlet and octet processes as simulated by Pythia. It may

be possible to extend this work to include those and other substructure variables in

a way that further illuminates the exact production mechanism. In addition, the

J/ψ system is used extensively in heavy ion collisions as a probe of the quark-gluon

plasma produced in those interactions. Having a new understanding of how the

quarkonium bound state is produced may require reinterpreting many results that

extend beyond J/ψ production in hadron collisions.

In closing, this work demonstrates the need to study the hadronic environment

that a quarkonium state is embedded in. It is the �rst measurement of ultra-high pT

J/ψ particles and has demonstrated techniques for robust background subtraction

and the removal of non-linear detector e�ects. The resulting data will be immediately

useful to theorists in further understanding how J/ψ particles are produced in hadron

collisions. Finally, this work may provide the �rst hints at a way to reinterpret J/ψ

production so that the spin-alignment problem, or polarization puzzle, can be solved

de�nitively.
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