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Resumo

O observável jet pull fornece informação relativamente ao fluxo de cor estabelecido entre dois jatos inter-

conectados, adicionalmente à habitualmente obtida através do momento e do tamanho dos jatos. Apesar das

correlações de cor já terem sido estudadas anteriormente, propomo-nos desenvolver uma nova abordagem:

aplicar o vetor jet pull em coerência intra-jato. Para tal, estudamos simulações de eventos protão-protão

a energias de centro de massa semelhantes às do Large Hadron Collider:
√
s = 5 TeV e

√
s = 13 TeV.

Nestes eventos, definimos singletos e octetos de cor, através do duplo decaimento fraco de bosões e de

eventos QCD, respetivamente. Definimos o observável pull angle num sistema di-jato formado através de

técnicas de reconstrução anti-kT de jatos e de substrutura de jatos. O objetivo consiste em testar se os sinais

relacionados com coerência de cor se mantém em ambiente de colisões de iões pesados. Ainda exploramos o

decaimento do gluão num par cc̄ , através de mesões D. Finalmente, adicionamos um background térmico aos

três sistemas, tendo este caracteŕısticas semelhantes às do background de uma colisão Pb-Pb a
√
s = 5.02

TeV. O background provoca alterações significativas ao comportamento do singleto e do octeto cc̄ . Dessa

forma, aplicamos uma subtração de background ao nivel dos constituintes, semelhante à utilizada nas

experiências. Isto permite obter novamente a assinatura obtida em eventos pp em vácuo, provando que

os efeitos de coerência de cor podem ser testados em colisões de iões pesados.

Palavras-chave: Pull-vector; Coerência; Background; Jato; Singleto; Octeto
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Abstract

The jet pull observable supplies additional information regarding the colour flow between interconnected jets,

besides momentum and size, usually used to study such objects. Previous work was performed to study the

colour correlation between colour singlet jets. We aim to set the baseline for a new approach: apply jet pull

to intra-jet (de)coherence. For that, we study simulated proton-proton events at the same centre-of-mass

energies as the Large Hadron Collider:
√
s = 5 TeV and

√
s = 13 TeV. In these events, we define colour

singlet and octet jet topologies through double boson weak decay and hard QCD events, respectively. The

observable pull angle is then defined in a di-jet system formed by using either fully reclustered anti-kT jets or

jet substructure techniques. Our motivation is to test whether signals related with colour coherence effects

stand in an heavy ion collision environment. The gluon splitting into a cc̄ pair was also explored, by tagging

D-mesons in a realistic scenario. Finally, we embedded these three systems in a thermal background with

settings alike the background of Pb-Pb collisions at
√
s = 5.02 TeV. The background distorts the observable

significantly and we apply a constituent subtraction approach, similar to the one available at the collider

experiments, to subtract its effect on average. We retrieve the signal seen in a vacuum pp events, proving

that the colour coherence effects will be possible to test in heavy-ion events.

Keywords: Pull Vector; Coherence; Background; Jets; Singlet; Octet
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Chapter 1

Introduction

1.1 Particle Physics Standard Model and QCD

We live surrounded by matter. As well as cells are the elementary pieces of the human body, matter has

its own elementar constituents. The Standard Model (SM) theory [1] describes these constituents and the

relations established between them and three of the four fundamental forces: the strong force, the weak

force and the electromagnetic force 1.

Figure 1.1: The Standard Model (’Standard Model of Elementary Particles’ by MissMJ — Own

work by uploader, PBS NOVA, Fermilab, Office of Science, United States Department of Energy,

Particle Data Group.)

According to the SM the elementar particles are split in two families: the fermions (leptons and quarks);

and the bosons. There are 12 fermions, 6 leptons and 6 quarks. The Gell-Mann [2] and Weig model

description of the quark introduced group theory as a means to describe the behaviour of hadrons, assuming

the latter were built from smaller constituents - quarks (q) and anti-quarks (q̄). All hadrons found until

now carry an integer multiple of the elementary charge of the electron. Additionally they also carry another

charge which was called colour and assumes 3 values: red, green and blue.

1The gravitational force is the remaining force which does not fit in the SM theory.
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As for the bosons they are known as the force carriers. They are the vehicle of discrete energy transfers

between elementar particles. There are 5 bosons, each of them associated to one type of fundamental force:

the gluon associated to the strong force, the Z and the W bosons both associated to the weak force; the

photon associated to the electromagnetic force; and finally the Higgs boson. A controlled lab to study SM

theory predictions is, for instance, hadronic collisions.

Collisions such as the ones at the Large Hadron Collider (LHC, CERN), where high energy hadrons

collide, are massive producers of coloured quarks and gluons. These elementary particles, constitute the

Lagrangian degrees of freedom of the Quantum Chromodynamics (QCD) Theory. QCD then stands as

a Quantum Field Theory which studies the strong interaction at experimentally accessible energies. The

detection of these high energetic collisions is done in the form of colourless hadrons. These particles are

conglomerates of quarks and gluons joined together by the strong force. The interactions are approximately

one hundred times stronger than the electromagnetic equivalent, extremely short ranged (≈ 1fm) and with

associated energy ≈ 1 GeV (mass of the proton).

The QCD Lagrangian can be written as

L = Ψ̄i /DΨ̄−mΨ̄Ψ, (1.1)

/Dµ = ∂µ − igT aAaµ. (1.2)

It is expressed by quark, ψα,i,f (x), and antiquark, ψ̄α,i,f (x), fields: Dirac matrices that transform under a

non-Abelian SU(3) representation. On the other hand, gluons, Aµa (x) are a result of the QCD colour gauge

invariance and appear in the Lagrangian as Lorentz vectors. While quark fields are described by the associated

Dirac Spinor, colour index, i = 1, 2, 3 (pictorially associated to a colour) and flavour, f , (quantum number

which can assume 6 different attributes: top, bottom, charm, strange, up, down), gluons are flavour-blind

and do not carry flavour labels. They carry, nonetheless, a colour index a = 1, ..., 8.

QCD has two fundamental features: confinement and asymptotic freedom. The first means that only

colour singlet particles, that is, particles that transform as singlets in the SU(3) algebra, can survive in a long

space-time scale. This implies that hadrons are then the only possible option to find elementary particles

under normal conditions of temperature. That is, confinement forbids the manifestation of asymptotic

freedom states carrying colour at normal conditions of temperature and density. The remaining feature

implies that, at short distances, which necessarily means at high energies, quarks and gluons experience a

progressive weakening of the interaction associated to the strong force amongst such particles.

The behaviour of quarks in this state is similar to a quasi-particle state. One can then use perturbative

QCD to compute interactions amongst particles. In this regime, the total cross-section production of a final

state particles A+ B in a proton-proton interaction can be factorized as [3]:

σpp→AB =

∫
dx1fi/p(x1)

∫
dx2fj/p(x2)σ̂i j→kl(x1p1, x2p2)DA/k(x1p1)DB/l(x1p2) (1.3)

where it is implicit a sum over all the parton types i , j, k, l . The elementary perturbative cross-section

is decribed by σ̂. The outgoing partons kl will follow a parton shower cascade (see section 1.2) and will
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eventually hadronize into the final-state particles A and B. This process is described by the fragmentation

functions (FFs) DA/k and DB/l . Lastly, the hard process cross section also depends on the parton distribution

functions (PDFs), fi and fj that contain the probability density of a parton carrying a momentum carried x1

and x2 of the protons initial momenta.

1.2 Jets and QCD parton showers

Colour coherence problems are common ground to any gauge theory. Partons cannot exist as final-state

particles so they will produce other particles in a cascade-like process known as the Parton Shower. This

process transfers the original parton energy to multiple lower energy particles and ends with the formation

of colourless hadrons. Coherence effects govern the structure of the QCD cascade [4]. A manifestation of

coherence of the emissions is the angular ordering [5] of the shower and another consequence is the dead

cone effect for heavy quarks [6] [7]. In QED angular ordering can be derived heuristically. Further radiation

off the electron or positron is suppressed in certain regions of the phase space. One considers a photon

decaying into a pair of e+e−. If the angle between the e+e−, θi j is smaller than the angle formed between

the emitted photon k and the electron/positron, θik , then the emitted photon perceives the electron positron

pair as an unresolved charge neutral object and no radiation occurs. Instead, if the emitted photon is emitted

with a smaller angle, the electric charge of the individual leptons can be resolved by the photon and radiation

takes place. A similar picture can be derived for QCD, with the difference that gluons carry colour charge.

Let us look into this case. The probability of a soft gluon to be emitted by a quark is given by:

dσQ→Q+g =
αS
π
CF
sin θdθ

1− cos θΘ(cos θ − cos θqq̄) (1.4)

where θ is the emission angle, θqq̄ the angle between the quarks, CF the colour factor, ω the energy of

the gluon’s emission, and αs the coupling constant. Summing up, in QCD the coherent radiation of soft

gluons by an unresolved pair of quarks is no longer zero but the radiation acts as if it were emitted from

the parent gluon imagined to be on shell, as illustrated in figure 1.2. This leads to a conservation of an

angular-ordered parton shower.

Figure 1.2: Angular ordering for wide angles
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Events obtained from a parton/anti-parton interaction are characterized by a chain decay into new pairs

of qq̄ - the parton-shower (figure 1.3). This process ends when partons bound into final-state hadrons and

form a collimated spray of particles called jet. To a very low extent, it is possible to make correspondence of

each jet to a quark/gluon that originated it. In fact, jets are defined in [8] as collimated sprays of energetic

hadrons, which result from the fragmentation and hadronization of quarks and gluons, such that they are a

proxy for the original particles. The fragmentation of these partons can be analysed through the study of

the substructure of the jet.

Figure 1.3: Illustration of the final state components of a qq̄ production: the parton shower (in the

green area) and the hadronization (in the pink area) where hadrons collimate into jets; the energy

in the colour flux flux between q and q̄ allows to form a new pair qq̄ until the partons merge and

form hadrons.

As such, jet clustering algorithms are one of the most important analysis tools to study high energetic

collisions as they allow to understand QCD mechanisms. A jet clustering is made of a set of rules, which

are obeyed by the majority of methods. This guidelines are resumed in [8]: the method must be simple to

apply both experimentally and theoretically; it should be defined in every perturbative order; it should contain

finite cross sections in all orders of perturbation theory and these cross section should not be affected by

hadronization. Among these algorithms, the sequential recombination algorithms are the most widely used.

These distinguish themselves by the way they compute the distance, di j ,

di j = min(p
2p
ti , p

2p
tj )
∆R2i j
R2

(1.5)

between particles with transverse momentum (pT ), pti and ptj [9]. Equation 1.5 includes the R parameter

which is responsible for the angular reach of the algorithm and is usually defined as the squared difference

between the rapidity (η) and the azimuthal distance (Φ) of the particles,

∆R2i j = (ηi − ηj)
2 + (Φi −Φj)2 = ∆η2 + ∆Φ2 (1.6)
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The clustering algorithm starts by determining all the di j ’s within a radius of R, pairing particle i to the

closest the particle j . Once there are no more particles within the distance R, the method recombines all the

particles in a single object - a new jet is formed. The algorithm continues the loop of combining particles in

jets until there are no more particles in the event. In equation (1.5) we introduce an exponent parameter, p,

which allows to obtain the kT -like algorithms [10][8][11]. This parameter stands for the power of the energy

component relatively to the geometrical one in determining distances. For p=1 we obtain the kT algorithm,

which weights the distances di j with the QCD emission probability alongside with the relative momentum of

particles. The kT algorithms merge, preferentially, soft particles. By replacing p=-1, one obtains the anti-kT

algorithm [8]. These algorithms tend to merge hard particles in circular areas and are the default algorithms

used at colliders. Another special case emerges from the kT family by setting p=0. The so-called Cambridge

Aachen (C/A) algorithm only takes into account the angular positioning of the particles with no weighting

in pT , that is it does not account the momentum of the particles. With the presence of angular ordering,

the algorithm is expected to reverse the QCD processes and recover a close approximation of the original

particles, and its fragmentation history [11]. For this reason, that it only relies on geometric arguments, C/A

algorithms are appropriate to recover the QCD splitting function, that is the energy distribution between

partons. Recent studies introduced novel contributions to explore inner jet structure (subtructure). In [10]

reclustering procedures are appointed as a new approach to study the jets’s substructure.

1.3 Colour flow and hadronization

Jets are colourless objects. Nevertheless they keep information of their colour connections between one

another. It accounts for the dependence of the soft gluon radiation on the pre-history. Such relations

are not yet completely understood and so experimental analysis is due to occur. Colour connection is a

consequence of the SU(3) indices contraction in QCD. The partons separate at high speeds after the initial

collision (figure 1.4). The gap between them originates a colour flux with enough energy to produce qq̄

pairs.

A chain process is then initiated until quarks pair into jets of colourless hadrons. A single pair is created

from a single photon/weak boson/gluon. Additional colour degrees of freedom are also added by radiation

[3]. As such the hadronization process occurs at the end of the parton shower, addressed in the previous

section. It can be described as a transfer of the QCD colour degrees of freedom resulting from the parton

shower to the newly created hadrons. Hadrons are the final particles one can access at the end of high

energy collisions: one cannot access the partons at the parton shower due to the fact that they are coloured

particles, as we introduced earlier in this chapter. Models are required to suppress as much as possible the

limitations in describing the process since calculations are not possible [3]. The two most used models are

the Lund-string model [12], which is used in the MC generator PYTHIA [13], and the cluster hadronization

model present in SHERPA [14] and HERWIG [15][16].

The coloured link between jets provides a useful superstructure observable. The colour flow will influence

the type of hadronization one can obtain [17]: a colour singlet particle, such as the Higgs, which decays into
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Figure 1.4: Hadronization process and colour flux (yellow arrows): the initial partons starting

moving away from each other at high speeds; the colour flux between them has enough energy to

form new qq̄ pairs; this chain will end when the hadronization occurs

two colour connected partons; or instead a colour octet, a g → qq̄ decay, with two quarks sharing a colour

correlation with the initial state parton. The colour flow between jets is physical, leading to the possibility

to retrieve information on the colour connections in the event.

1.4 The Quark-Gluon Plasma

A few millionths of a second after the Big Bang, the Universe contained an incredibly dense and hot mixture

of constituents, dominated by quarks and gluons. As we have discussed in section 1.2, QCD confinement

forces the combination of quarks and gluons into more complex colourless particles: hadrons. This means

that one can only obtain this primordial state of matter when asymptotical high temperatures are reached

(or, equivalently, at very short distances) and in the presence of a low chemical potential. That way the

strong interaction becomes weakly coupled due to the action of asymptotic freedom and one is then able to

describe the medium with weak-coupling perturbation theory. Doing so, one obtains at zeroth order of the

coupling constant a free plasma of quarks and gluons (QGP) [3][18]. The QGP is characterized as a high

temperature matter phase which can be obtained from fundamental gauge theory, and can be described as

a fluid. That way one can use phase matter diagrams such as the one in figure 1.5 to describe it.

This state of matter is observed at heavy ultra-relativistic ion collisions. Experiments on QGP are

performed at the Relativistic Heavy-Ion Collider (RHIC) and at the Large Hadron Collider (LHC) ([18] and

[3], where a review on the results from both colliders is performed). A way to probe QGP is through the

jets that were introduced in section 1.2.

Processes associated to heavy ion collisions. which involve large momentum exchanges can be described

using perturbative expansions. Such approach is allowed by the QCD assymptotic freedom property. The

hard processes described by a perturbative cross section of the type σ(x1, x2, Q
2) occur in a very narrow time

window, O(1/Q) [19]. Now, the study of events like the latter allows to characterise the medium properties

since the long distance parts of the expansion are modified when in contact with the medium while the hard
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Figure 1.5: QCD phase space: description of the matter phase space in terms of temperature and

chemical potential

process remains almost unchanged in nuclear collisions. This is the case of the modification induced by

a dense or finite-temperature medium in the evolution of fragmentation functions of high-pT particles. In

these events, a hard jet parton is forced to propagate in a dense QGP formed in heavy ion collisions. During

the propagation in the medium, the jet will interact with the thermal partons, which form the QGP. Such

interactions cause the loss of energy and a broadening of the transverse momentum distribution. These

boosted partons will propagate with matter, radiating gluons while they lose energy. The result of such

interaction in the behaviour/structure of jets is jet quenching.

Jets are a very good object of study of the effects of QCD since they are well controlled and defined in

the theory for p-p collisions. As we already know, the QGP is characteristic of the early stages of heavy ion

collisions. It is natural that in such collisions, due to the presence of QGP medium, that jets propagation

suffer changes relatively to the p-p equivalent. The main property associated to these changes is energy loss,

that is induced by multiple interactions with the QGP constituents. A cartoon exemplifying this process is

shown in figure 1.6 [20][21][22].

Figure 1.6: Gluon emission, the dominant energy loss process in the propagation of energetic

partons

That being said, jet quenching can be perceived as the group of phenomena in hard heavy-ion collisions

caused by the interaction of boosted jet partons and the QGP constituents. When in the presence of
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medium the properties of jets are altered. On one hand the longitudinal structure of the jet changes, as

given by the fragmentation functions. On the other hand, there are also changes in transverse structure:

there is an expected broadening of this due to multiple scatterings with the medium [19]. In addition, the

expected colour coherence from vacuum showers, as explained in section 1.2 is expected to be broken. This

constitutes yet another motivation to use jet pull in an Heavy Ion collision environment, to asses whether

the effect is indeed broken.

1.4.1 Colour (De)Coherence

As we mentioned earlier, soft gluons arrising from hard processes are the main responsible for the interference

effects. Such effects make it possible to measure explicit non Abelian features of the theory. The effect

that the medium induces in jet evolution is still not quite understood. In [23], work was done on studying

the quark/anti-quark antenna in a colour singlet. Such set-up offers a useful framework to study intra-jet

coherence effects with emphasis to angular ordering. The focus of this work is on the medium induced part

of the radiation spectrum off a qq̄ in a colour singlet. The results culminate in the conclusion that at the

soft limit the interaction with the medium implies a rotation of the pair, inducing emissions at large angles -

close to the emissions of an octet antenna in vacuum. To this result they attributed the designation of anti

angular ordering.

In addition to the usual angular-ordered emissions, due to the interaction with the medium, gluons can

now be emitted at larger angles thus destroying the colour flow that is originated from vacuum jets. We

thus expect a clear signal on the jet pull angle. However, HI environment has a background level that might,

by itself, spoil the expected coherence from vacuum showers. As such, as the first step, this thesis will test

the presence of a HI background into a pp jet (cf. chapter 4).
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Chapter 2

Pull Vector analysis in p-p collisions

2.1 Introduction to the Pull Vector Observable

In chapter 1, we saw that jets conserve colour connections among each other. Colour connections provide

extra information about the jet in addition to kinematics because it provides an extra observable to comple-

ment the information provided by the four-momentum information. Such connections are a graphical picture

of the manifestations of the predictions of the QCD theory. In figure 2.1 we may observe on the left the

flow of colour associated to colour connected jets, where the final particles share the same colour (pictured

in red), and on the right hand side we represent a colour disconnected state.

Figure 2.1: The colour connections arrising in the signal and the background.

In [24] the Higgs production, with an associated Z, is studied. The Z association is important so as to

ensure that the resulting bb̄ pair is not produced at a π angle in the azimuthal plane. With this, they aim

to detect the same colour connections that we pictured in figure 2.1. The leading principle is that if such

connections should exist, they would be present at hadron level. To achieve it they shower and hadronize

multiple times the same parton level configurations of Zbb̄ events. Two different cases are compared: the

signal which stands for the case where the final bb̄ are colour connected to each other and the background

where the pair is colour connected to the beam. They manage to retrieve the calorimetric picture of

hadronized jets, as shown in figure 2.2.
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Figure 2.2: The radiation pattern obtained at [24] were we can easily detect the superstructure

feature associated to colour connected jets

We can see that there is an evident colour connection amongst jets at the signal studies. The higher

incidence of radiation between the 2 b’s in the left panel and the opposite occurring for the background

case, makes evidence that the superstructure feature we were hunting plays a role at hadron level: the

signal jets tend to radiate towards each other, being that way colour connected, and the background jets

tend to radiate towards the beam. Since the colour flow is indeed a flux and for that reason, physical, it

is measurable. In order to study this flow of colour, they advance a local observable, focusing only on the

particles of one jet: the jet pull.

Figure 2.3: Geometric display of the observable; the pull angle is the angle between the pull vector

(t) and the vector connecting both subjets (n).
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Let us define the Jet pull vector,
−→
t , which contains information on the colour flux between two linked

subjets [24],
−→
t =

∑
iϵj

|
−→
∆ri |

piT

pjT
(2.1)

|∆−→r i | =
√
(ηJ − ηi)2 + (φJ − φi)2 (2.2)

where i index is for the subjet constituents and J for the subjets (J1 and J2); we also notice that the

quantity
−→
∆ri stands for the distance in the rapidity coordinate system of each particle to the centre of the

leading jet of the event. In figure 2.3, one can get a geometric understanding of the observable. The pull

vector is constructed with the information on the jets pT and each particle’s pT as well. This highlights one

of the most important features of the pull vector: when soft particles are involved, their interaction with

the surroundings does not affect the behaviour of the pull vector. In other words, the small contribution of

pT provided by such particles would inflict hardly any changes in the pull vector (since it is the sum of all

the constituents contribution, the hardest ones will have the highest weight). Since it is a weighted sum of

particles’ locations, it will point in the direction of the dominant energy flow.

Although the magnitude of the pull vector is also going to be studied, we are mainly interested in the

angular distribution (in the rapidity, η, and azimuthal angle, φ, coordinate system) of the colour flow , in

order to assess whether there is a preferred direction for the latter. We can construct the pull angle, θ ,

with the information about both subjets. The procedure begins by setting the vector that connects both

subjets (easily obtained with the FASTJET [25] variables associated to the object subjet). It is represented

in figure (2.3) by the vector −→n .

−→n =
√
(φJ1 − φJ2)2 + (ηJ1 − ηJ2)2 (2.3)

θ = arccos

( −→n · −→t
|−→t | · |−→n |

)
(2.4)

Since we obtained the components of the pull vector,
−→
t , in the previous step, the pull angle, θ, can

be computed by straightforward application of trigonometric arguments together with the inner product

between
−→
t and −→n . This is done in equation (2.4).

One obtains that the pull magnitude is an infrared and collinear safe observable, that is, a modification

due to a collinear splitting or the addition of a soft emission would not alter the behaviour of the observable

in the presence of a set of hard jets. However, the same does not happen with the pull angle because in

the presence of soft emissions the pull angle does not tend to vanish [26]. Studies on the pull angle where

also performed in [24]. In Fig.2.4, it is shown the resulting pull angle distribution, named here as θ ≡ ∆θt

for the same signal and background events shown in Fig.2.2. The left panel refers to take the leading b-jet

as reference for the pull vector,
−→
t , (J1 in Fig.2.3) while the right panel taking the sub-leading b-jet as

reference instead (J2 in Fig.2.3). The results obtained were consistent with the behaviour we pointed earlier

in this chapter: the signal jets have a tendency to radiate towards each other; because of that, the pull angle

distribution peaks at zero while the background distribution does not show a preferred colour flow direction,
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that is, the pull angle distribution is uniform. The results are shown in figure 2.4 and allowed to conclude

that the pull angle is a good observable to retrieve colour superstructure information.

Figure 2.4: Pull angle distributions for the leading (LHS) and subleading (RHS) pull vector; the

peak at zero means that as expected the colour singlet pull vector shows a preferred direction [24]

Experimental studies were first addressed by ATLAS experiment [27]. The focus was a di-jet system,

using the channel of the semi-leptonic tt̄ decay via b-tagging jets, which contains at the same time a singlet

and a colour octet which can be defined. As one can see in figure 2.5, the two quarks resulting from the

boson (with colour zero) decay are colour connected - singlet - while the b/b̄ quarks conserve the colour

information from the t (t̄ respectively) from which they decayed.

Figure 2.5: Semi-leptonic tt̄ decay.

Using this system, the ATLAS collaboration achieved the results in 2.6, where we can see the normalized

fiducial differential cross section as a function of the pull angle: on the left panel we see the results for the

singlet case while on the right hand side for the octet. The results include several Monte Carlo simulations

in coloured markers to compare with the experimental data in black.

By studying several Monte Carlo simulations of pp collisions and comparing them with experimental results

from the detector, they obtain results consistent with the theoretical formulations: the singlet distribution

of the pull angle peaks at zero and the octet distribution shows a uniform distribution, when comparing

with the singlet. The results are promising and helpful to our studies, since they consistently show that the
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Figure 2.6: ATLAS [27] results for pull angle studies for a singlet and an octet case using a tt̄

decay.

superstructure feature we have discussed can indeed be studied from the experiments. We are aiming at

studying for the first time a system which can be resilient to a heavy-ion background and also to check if

colour coherence is broken. In the next sections we will develop our approach.

2.2 Our Proton-proton baseline in small radius jets

Our goal is to prepare the pathway to heavy ion studies with the pull vector. For doing so, we first introduce

the ideal observable to look for colour decoherence in the presence of a QGP. Instead of the ttbar channel,

we will need a separate singlet and octet systems, so as to have a sufficiently strong signal to survive in the

conditions of our studies. For that we use a double boson weak decay, pictured in figure 2.7 to simulate the

singlet case. As for the octet, we require all the hard QCD processes leading to a di-gluon production from

the hard scattering.

Figure 2.7: Electroweak W/Z decay; the production of gauge bosons supplies a laboratory to study

colour singlet coherence effects

Our studies to achieve conclusions on the matter of thermal background influence on the pull vector will

be performed step by step. First we establish a baseline in proton proton collisions to assess the regular

behaviour of the observable.
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2.2.1 Monte Carlo setup and Reconstruction methods

A Monte Carlo (MC) event generator of proton-proton (pp) collisions, PYTHIA 8.2 [28] [13], is used to,

separately, produce weighted events of a colour singlet and a colour octet as table 2.1 suggests. This is a

tool used to generate high energy parton interactions in pp collisions, going from a few particle interactions

to multiparticle phenomena. Among the processes included in the package, it includes the hadronization by

using the Lund fragmentation model [29]. In the particular case of the manipulation of the event objects

(jets, subjets, particle...) is achieved with the package FASTJET[25].

Events

Singlet Octet

Channel Double boson hadronic de-

cay (Z and W bosons)

Gluon splitting

Pythia Channels WeakDoubleBoson:all HardQCD:gg2gg and

HardQCD:qqbar2gg

Minimum Particle pT 0.5 GeV

Particle η range [-3,3]

Minimum Jet pT 150 GeV

Mass (J1+J2) [70,120] -

Jet Radius 0.2

Table 2.1: The event definition and the input settings of the Pythia event for both singlet and

octet

The experimental cuts we presented are rather important and should be carefully applied, otherwise we

could be loosing information. The cuts applied are supposed to approximate our experimental results to the

truth distributions, as we are going to approach along this section. One last setting was implemented in the

specific case of the singlet events. In order to make sure that the bosons decay hadronically, we use the flag

onMode[28] for the Z/W and photon.

The pull vector requires, by definition, a two-object system. In the previous section, the system consisted

of a subjet system. Now we are about to introduce a di-jet system. In particular case of the singlet, we

need to ensure that the jets under study contain the qq̄ coming from the boson (Z/W), each jet containing

one of the quarks. In the case of the octet we want to ensure that the qq̄ pair comes from the splitting

of the gluon from the hard scattering. To achieve that, we start by developing an algorithm to pair jets

by proximity (in the pseudorapidity frame) and with higher pT . Our approach uses fully reconstructed jets

which in the case of the singlet stand for the qq̄ emerging from one boson. One can then merge them in to

form a proxy of a ”fat jet”, which stands for nothing more than the boson. That way, we assume that the

two selected jets assume the role of subjets. With this approach we avoid the influence of soft contributions

coming from a further cluster sequence and reconstruction looped on the jets constituents. The process is

then a direct jet reconstruction without loss of generality, which allows to extrapolate our results for inner

jet results.

Although this method allows to retrieve a pair of jets coming, mainly, from the system singlet/octet we

expect, many other particles are unrelated to these same systems. It can happen that the jets are paired

wrongly and the paired jets are not part of the splitting of the same gluon/boson. For this reason, we also
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Figure 2.8: Example of the pairing algorithm - Singlet; the algorithm pairs jets first for the distance

(Sj1 and Sj2) to each other to avoid back to back jets and then by pt ; the sample will be the hardest

pair (J1 or J2) working the jets in the red/green circles as the leading and subleading ”subjet” in

the pull angle determination

present the results from an analysis on which we track the history of the particles - the Monte Carlo truth.

This algorithm is based on a statistical approach. From the event record, we track all the particles from

the two out-going partons that are produced in the hard scattering. Once we know the history of all the

constituents of both jets, we assume the ”parent parton” to be the one that originates at least 60% of the

particles within the jet. Next we compare the ”parent” of both jets. In case it is the same, the algorithm

accepts this event as true MC, otherwise it is discarded. Such analysis is not possible to perform during the

experimental process but it is extremely useful to control our methods.

2.2.2 Results on singlet: effect of kinematic and mass cuts

We start by trying to obtain similar results for the settings used in [27] 1. Which means that we use low pT

jets (minimum pT of 25 GeV) with a 0.4 radius.

We begin with the correlation between the leading and subleading pull angle. Our benchmark is the

correlation in figure 2.9. There we can observe the correlation between the leading (x-axis) and the subleading

(y-axis) pull angle. From this we can retrieve that both distribution are completely uncorrelated.

As one can see in figure 2.10a, our sample is also highly uncorrelated. Nevertheless we obtain a non-

concentric pattern, unlike the one obtained in ATLAS. In order to come closer to ATLAS’ results, we attempt

at applying cuts in mass, that is, we restrict a mass window similar to the mass of the Z/W boson - between

70 and 120 GeV (figure 2.10b); and in the fraction of pT carried by the subleading subjet which we set to

be at least 30% of the total pT of the di-jet system. The pT cuts revealed to be essential to retrieve the

almost symmetrical correlation plot between the leading and subleading pull angle. As one can see from

1The low pT case is further addressed in Appendix A. There we present a full analysis always taking the results in [atlaas]

and in [30] as a standard.
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Figure 2.9: Pull angle correlation between the leading and the subleading pull angle [30]

(a) Correlation Pull angle with no

kinematic cuts

(b) Correlation Pull angle with cuts

70 <Mass (J1+J2)< 120 GeV

(c) Correlation Pull angle with pT

cuts pT2
pT1+pT2

> 0.3

Figure 2.10: Applying kinematic cuts - The only kinematic cut showing a relevant change to the

correlation between the leading and subleading pull angle is the pT cut; Jet radius 0.4

figure 2.10c, only the introduction of this cut would bring our results closer to the ones obtained in Atlas.

That also means we are making the subleading subjet closer in momentum to the leading subjet, reducing

then the asymmetry and balancing both jets.

As for the octet system, the mass cut would definitely not be possible to apply. Contrary to what happens

regarding the singlet, where we have an expected mass signature, the same does not happens. In the former

we are aiming at reconstructing a boson will in the latter the reconstruction relies on a gluon. Therefore

one concludes that there was no need to implement any cuts, as one can conclude from the results in the

following chapters. There we can prove the closeness of the octet results to the MC truth results.

We now proceed to test the cuts in the settings we are to use throughout our study, that is high-pT jets

with 0.2 radius. We use these settings due to the nature of our singlet system. In the following discussion we

will present the results for pp collisions at these pT conditions for both singlet and octet (a further analysis

targeting the cc̄ case is done in Chapter 3) and the comparison of these experimental results with the truth

distributions. We will discuss in section 3 other methods including the analysis of the pull vector for subjets

reclustering methods.

In figure 2.11 a comparative study of the pull angle with kinematic cuts, without and the MC truth
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Figure 2.11: Pull angle(J1,J2) distributions with the comparison of the cuts 70 < Mass (J1+J2)

< 120 GeV and pT2
pT1+pT2

> 0.3 with the hadron level MC truth and with no cuts applied

distribution is performed. We can see that the pull angle distribution is equivalent to the MC truth distribution

when comparing to the cut in mass. To confirm such claims we present the deltaR distribution in the same

conditions in 2.12. It is visible from the latter that the cut in mass(J1+J2) implies that we are focusing

on the closest prongs, which should be the expected behaviour since we are dealing with high-pT jets. This

means the resulting decay from the double boson system will be collimated to the collision centre.

Figure 2.12: DeltaR(J1,J2) with the comparison of the cuts 70 < Mass (J1+J2) < 120 GeV and
pT2

pT1+pT2
> 0.3 with the hadron level MC truth and with no cuts applied

That being said one can see from the results presented until now that the pT restriction does not inflict

hardly any changes to the system, neither it makes its behaviour closer to the MC truth distributions. Only

the mass cut provides a major role in obtaining a close enough system to the MC truth distributions for the

singlet system.
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2.2.3 Results on singlet and octet: effect of centre-of-mass energy

We start our discussion on the baseline results by introducing the Pull Angle results for
√
s = 13TeV and

√
s = 5TeV for jets with a minimum pT of 150 GeV (an extended discussion for low-pT jets is performed

in Appendix A).

Figure 2.13: Pull angle distribution for the leading subjet for the singlet and for the octet. From

this plot we understand that the centre of mass energy does not play a relevant role for our results,

so we can maintain the 5 TeV value as standard for the analysis.

In figure 2.13 we start comparing the pull angle distributions for both 5 TeV and 13TeV and comparing

the reconstructed case with the MC truth distributions. The truth distribution was obtained by studying the

history of the leading and subleading jets’ particles. We trace the history of all the jets particles until we

reach the q/q̄ coming from the hard scattering. We assess the momentum influence that each initial parton

as in the jet. If both jets are mostly influenced by the same parton we accept the event as the MC truth.
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We understand that, as expected, one obtains similar distributions for the 2 values of centre of mass energy.

The singlet presents a peaked distribution at pull angle θ = 0, as expected. This means that we are in the

presence of a pair of connected jets. On the other hand, the distribution for the octet presents a flat shape.

One can also notice a big difference between both signals, which means that our singlet and octet are well

differentiated by this observable. That being said in the following discussion we will proceed with
√
s = 5

TeV, which is similar to the value used by the Atlas experiment.

One can also observe that the cuts in place are fulfilling their purpose. In the particular case of the

singlet, the similarity in pull angle distributions with the mass cut and MC truth shows that our kinematic

cuts are putting our setting’s results close to the true double boson system decay. As for the octet, the

insignificant differences are most certainly explained by the fact that we did not apply kinematic cuts to the

distributions. The fact that such differences are not significant is another proof that our octet does not

require any kinematic cuts to get close to the MC truth distributions.

It is also presented the pull angle correlation for leading and subleading pull angle, by plotting the leading

pull angle (x-axis) versus the subleading pull angle (y-axis): in figure 2.14b we obtain the expected almost

symmetric distribution. We also introduce the pull angle correlation in the case of the octet, for a matter

of comparison in figure 2.14a. As expected there is no preferred direction or symmetry in the correlation,

since that comes from the construction of the pull angle for a disconnected system such as the octet.

(a) Pull Angle correlation for the octet. The distribution

appears as expected not to show any preferred direction

or correlation at all between both variables

(b) Correlation of leading and subleading pull angle with

mass cuts 70 < MassJ1 + J2 < 120 GeV. This distribu-

tion shows a slightly asymmetric tendency.

Figure 2.14: Singlet and octet correlation of leading and subleading pull angle for radius 0.2, One

can see that for the octet we have a diffuse distribution, as for the singlet by applying the cuts we

retrieve the almost symmetric distribution observed in ATLAS

On the pull magnitude, we perform in figure 2.15 the same comparisons we did for the pull angle (centre

of mass with the reconstructed and the MC truth for both the singlet and the octet). One can retain that

the magnitude of the vector is consistent for both singlet and octet. We can even say that the kinematic

cuts in mass allowed to obtain a closer behaviour to the truth distributions at
√
s = 5 TeV.
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Figure 2.15: Pull magnitude for singlet and octet. Comparison between truth and post-cuts distri-

butions allows to re-ensure our previous statements.

That way, we can now proceed to a first comparison of octet and singlet since we already have a well

defined system and observable.

We are now in a position where we can confront the results we obtained for both the singlet and octet at

pp collisions. These will then serve as a baseline to the future signals we may introduce during our studies.

First, we look into the pull angle in figure 2.16, were we put for the first time singlet and octet in direct

comparison. This observable is the one expected to show a greater difference in terms of behaviour due to

nature of the two systems under study.
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Figure 2.16: Baseline results for singlet and octet pull angle. One can see that as expected there

is a sharp peak for pull angle zero and a much flatter distribution for the octet distribution. That

way it is easy to distinguish between both signals

As expected, the signal regarding the singlet shows an evident peak at zero. The difference between the

colour singlet and colour octet is also very clear, setting the tone to our next discussions in the presence of

a thermal background.

We also present in figure 2.17 the comparison between pull magnitude for both singlet and octet. As

predicted there is no major difference between both distributions.

Figure 2.17: Baseline results for singlet and octet pull magnitude. One can see that as expected

there is correspondence between both distributions
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2.3 Our Proton-proton baseline with jet substructure

Previously, we introduced a method where we only use fully reconstructed jets. We could observe that the

results were consistent with the ones obtained at [27]: the singlet signal was distinct from the octet; while

the first observed a clear peak at pull angle zero, the second pointed to a uniform distribution.

For completeness of our discussion we also tested the effects of applying the pull vector to reclustered

subjets in two different approaches for the same singlet and octet channels.

2.3.1 Soft Drop Grooming

The first approach, consisted on implementing a cluster sequence with an anti-kT algorithm, applied to the

list of final state particles generated by PYTHIA. This allows to obtain jets with a perfect conic shape. We

considered R=1 jets with a minimum pT of 1 TeV, in a range of [-1.5,1.5] in the pseudorapidity plane and

a particle pT > 0.5. The next step consists on a reclustering sequence where we use, as mentioned in the

previous section, a C/A algorithm to re-write the jet history. Forcing the final stage of the clustering process

to reverse, the declustering process, we obtain two subjets from the parent jet which we order by transverse

momentum (pt) magnitude (let J1 be the leading - hardest/higher pt - subjet and J2 the subleading subjet).

That way we are unveiling the history of the clustering process

At this stage we introduce a grooming method: Soft Drop grooming (SD)[31]. It aims to eliminate the

soft emissions (i.e. with a low-pt) at high angles. By applying it, it is possible to select the hardest/boosted

emissions during the declustering process, which are the objects of study of this work. If the subjets pass

the soft drop condition,

zg =
min(pt1, pt2)

pt1 + pt2
> 0.1, (2.5)

where zg is the threshold cut in the subjet pt and 0.1 is the value that zg must overcome to be considered,

the hardest subjet becomes the parent jet in the following unclustering step, and is then split into two subjets.

The iterative unclustering process continues until the hardest branch of the jet can still be split in 2 subjets,

or the soft drop criteria is met.

2.3.2 Fully Reclustered Subjets

As an alternative approach, we replace the SD grooming and the Cambridge/Aachen (C/A) reclustering

sequence. That way we perform a cluster sequence with an anti-kT algorithm to the final state particles.

We set the jet radius at R = 1 and the minimum pT at 300 GeV. Next we target the hardest jet and perform

a reclustering sequence with an anti-kT algorithm to the jet’s constituents. That way we can obtain the 2

hardest subjets within the jet. These subjets are required to have R = 0.2 and to be within a range of 1.5

in the η-plane to the initial collision.
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2.3.3 Comparison between the jet substructure reconstruction methods

The pull vector provides a distinct angular signature in the presence of a colour singlet and another in the

presence of a colour octet: the former results in a peaked representation at pull angle zero which means

there is a colour connection between the two prongs; the latter results in a flat/uniform distribution showing

that there is no preferred direction to this vector. These ideas helped in the task of choosing the best

reconstruction method from the previous ones.

As for the SD grooming method, we present in figure 2.18 the pull angle and deltaR distributions. We

may see that the deltaR distributions (figure2.18a) are quite close to the MC truth distributions. However,

one may also observe a clear peak at π/2 for the pull angle in the octet channel as one can see, accompanied

with the great closeness between both signals, making them almost indistinct.

(a) Pull angle distribution for the SD grooming. There is a clear peak at pi/2 which is not

compatible with the expected behaviour, a flat distribution showing no preferred direction to

the pull angle

(b) DeltaR Distribution for the octet and singlet for both reconstructed and MC truth distri-

butions

Figure 2.18: Distributions for the SD grooming method

This was not consistent either with our own results presented in section 2.2.3 and the results in [27]
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As for the fully reconstructed subjets method, we present in 2.19 the pull angle and deltaR distributions

for both the reconstructed case and the MC truth (obtained using the same method as explained previously).

From those, one can understand that the method fails in several aspects. Firstly, a note regarding the MC

truth distribution for the singlet. There was not enough statistics to present this distribution. That is

explained by figure 2.19b, were we show the deltaR distribution again for both cases, reconstructed and

MC truth. There we see that the subjets we are positioned back-to-back, with a distancing around π. One

expected a deltaR close to the radius of the subjets. That means we are not targeting the qq̄ pair we aimed

and that we are not reconstructing the boson.

(a) Pull angle distribution for the fully reconstructed subjets.

(b) DeltaR Distribution for the octet and singlet for both reconstructed and MC truth distri-

butions

Figure 2.19: Distributions for the fully reconstructed method
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Other argument against this method is the correlation between the pull angle for the leading and the

subleading subjet. One would expect to find a similar behaviour as found in [27]: both angles should have

no correlation. The problem with this as one can see in figure 2.20 is that there is no symmetry between

both jets, which is observed in ATLAS’ results.

Figure 2.20: The correlation between the pull angle for the subleading and the leading jets is not

compatible with the matching plot from [27]

That being said we opted to proceed the following analysis recurring to the jet pairing method, due to

the consistency of results.
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Chapter 3

The Pull Vector in pp collisions: the cc̄

case

The pull vector and, in particular, the pull angle have a typical behaviour in the presence of an octet system:

the distribution tends to be uniform for all angular directions. This is confirmed by the results discussed in

chapter 2.1 and also by the results obtained by the ATLAS collaboration in [24] for the octet system (where

the octet was understood as the background to the singlet signal). We showed the methods we developed

to make sure we are targeting jets resulting from the gluon splitting. Nevertheless, there is the possibility

that part of our sample for the octet case could come from unrelated systems. By tagging c and b quarks,

which are heavy quarks, one has an experimental upper hand when comparing with the QCD jets studied

in the previous chapter on the studies of a colour octet. In addition to this the fact that we have a better

and easier tagging of the system, makes this a better framework to test our ideas of jet decoherence for

a heavy-ion setup (see chapter 1). It is always useful to reinforce that our ultimate goal is to assess the

effect that in-medium jet propagation plays in the behaviour of our observables. Hard probes are used, as we

also saw in previous chapters, due to the modifications in long distance parts of the fragmentation pattern.

These changes will allow a further study of the properties of the medium. Jet decoherence is a phenomenon

of in-medium jet propagation. As such, having an octet case that can serve as a benchmark to understand

if the jets decohere in the presence of a QGP is important to the extent that only this setup can give us

an accurate baseline: since we are looking inside the jet constituents through the study of subjets, we are

coming closer to the studies at HI where jet decoherence is studied within jet substructure (subjets) or via

nearby small-R jets.

So as to achieve it and for completeness of this document, we aim at narrow the octet system to one

we can control at hadron level: D-mesons coming from a cc̄ gluon splitting.
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3.1 Reconstruction methods

We aim at selecting jets containing D-mesons. These are the lightest charmed mesons, that is, are the

lightest mesons containing a c-quark in its constitution and for this reason they are also the most abundantly

produced - it is always easier to produce light particles. Each of the quarks of cc̄ hadronizes with one light

(anti-)quark into a D meson. Our aim is to collect events on which we can pair the two D-mesons coming

from the same gluon splitting. Since this is a particular case of the octet used in chapter 2, we will use the

same base PYTHIA event settings as in table 3.1, where we can find the list of settings used to produce

our results as well as the cuts inflicted to the event particles. In the referred chapter we did not put any

restriction to the type of quark decaying from the gluon. Now we are only interested in the events on which

the gluon splits into a cc̄ .

Events

Octet - cc̄

Channel Gluon splitting

Pythia Channels HardQCD:gg2gg and

HardQCD:qqbar2gg

Minimum Particle pT 0.5 GeV

Particle’s η range [-3,3]

Particle’s φ range [-π,π]

Table 3.1: The event definition and the input settings of the Pythia event for the cc̄ case for 2

fully reclustered jets

Furthermore, since our target is to get D-mesons, we ought to forbid them from decaying. So, to ensure

that during the hadronization process the D-meson does not decay into other particles, we use the PYTHIA

flag

mayDecay = of f , (3.1)

which blocks the decay of the referred particle. As such, we will select all the possible D-mesons identifying

them with the PYTHIA particle code as shown in table 3.2. Moreover, to tag the anti-particle as well, we

use the absolute value of the PYTHIA particle code.

D-Meson Constituents Particle code

D+/D− cd̄ 411

D0 cū 421

D∗(2010) (+/−) cd̄ 413

D∗(2007) (+/−) cū 423

Table 3.2: D-mesons present in the event

Due to the small gluon splitting rate into cc̄ pairs (about 3.5%, [32]), approximately 96.6% of the

weighted events do not contain any D-meson. As for the remaining 3.4%, most of them only contain a

single D-meson inside the (pT , η, φ) range that we consider (table 3.1). We present this records in figure

3.1a. We can already see that, when present in the event, the most common case is one D-meson per event,
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which does not fulfil our objectives. Additionally we also present the pT spectrum of the D-mesons present

in events with the settings described above as well as their spatial distribution in η.

(a) Number of D mesons per event (b) Pt spectrum of the D-meson present in the events

(c) η distribution of the D-meson present in the events

Figure 3.1: D-mesons accessible in the events with at least one of this mesons and with the settings

in table 3.1

That being said to the restrictions presented above we need to add another restrictive step: the event

must have at least two D-mesons. The two leading mesons of the event will, most likely ,be the ones we will

tag during our analysis. As such, it is useful to understand its proximity. We present the deltaR distribution

of the two hardest D-mesons in events with at least this number of such particles in figure 3.2a. We observe

that the majority of D-meson pairs have a distance between particles close to the jet radius. However we

still see a less dominant incidence of events where the pair constituents have a distance close to π which

makes them back to back. Comparing this distribution with the difference in η (figure 3.2c) and φ (figure

3.2b) for the same 2 leading D-mesons (please recall chapter 1, and the deltaR definition), we can see that

the contribution at π in deltaR is given to the particles further away from the beam in the φ-direction. We

will make comparisons between these results and the results we will obtain along the chapter.
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(a) Distribution of the deltaR(D1,D2) (b) Distribution of the ∆Φ (D1,D2)

(c) Distribution of the ∆η (D1,D2)

Figure 3.2: D-mesons positioning for events with #D-meson>1 tagging, where D1 is the hardest

D-meson and D2 the second hardest.

3.1.1 Fully Reconstructed jets

Let us first follow the strategy used to obtain the main results in chapter 2.2.3, that is, pairing fully reclustered

jets.

Events

Octet - cc̄

Reclustering anti-kT method

Minimum Jet pT 150 GeV

Jets’ Radius 0.2

Jets’ η range [-2.5,2.5]

Jets’ φ range [-π,π]

Table 3.3: Jet reconstruction settings for the events with described in 3.1

For the PYTHIA settings described in table 3.1, we apply the restrictions in table 3.3 we use an anti-kT

method to reconstruct jets with radius R = 0.2. We obtain the number of jets per event as follows in figure

3.3a The figure shows that the majority of the events are not fit for our analysis: recall that we need two

jets in order to proceed with the pull vector analysis. One can observe that the most of the collected events

have one or no jet at all, within the pT selection (table 3.3). That being said, our sample will include only

the events with two jets. However, we still need to add a new layer of restriction because we need to ensure

that each of the jets under study have at least one D amongst its constituents. As for the events with one

or more jets, we show the number of jets containing at least one D-meson in figure 3.3b.

The last statement left us with even less available events which are the ones with two jets containing

at least one D-meson each as one can confirm from figure 3.3b where we see that the number of events
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(a) Number of jets per event (b) Number of jets with at least 1 D-meson per event

Figure 3.3

with two jets which contain at least one D-meson is relatively small comparing to events with only one jet

in such conditions. In table 3.4 it is listed the efficiency of each of the reconstruction steps (please note

that the efficiency is always referring to the events collected in the previous selection). Altogether, the

reconstruction efficiency to obtain two jets with pT > 150 GeV and a D-meson each, is around 0.06% of

the total weighted event. By making use of the ID’s of the jets in the PYTHIA event record, we detect

whether both jets contain at least one D meson each. Once we select events with two jets containing in

these conditions, reconstructed with the PYTHIA event specifications in table 3.1 and the jet specifications

in table 3.3.

Restriction Efficiency (selected events weight/total collected events weight)

Events with at least 2 D-mesons 20.7%

Events with at least 2 D-mesons and at least 2 jets 2.073%

Events with at least 2 jets with at least one D each 0.06%

Table 3.4: Efficiency associated to the restriction applied to retrieve the pretended system

The MC truth is obtained with the following procedure: we track the history of the D mesons from both

jets until we find the c/c̄ . If the c-quark is the same for both D-mesons in J1 and J2, we accept the event as

MC-truth. In figure 3.4 we present the ∆R distribution of the two jets selected using the method described

above. Again we maintain the comparison between the MC-truth and the reconstructed distributions.

The first thing one can immediately notice is the lack of statistics in the distributions in figure 3.4.

That is explained by the restrictions explained earlier this chapter to track the D-mesons and the efficiencies

obtained in table 3.4. The deltaR distribution itself shows that our results are not consistent with the

expectations since we expected the jets containing the D-mesons to be spatially close to one another when

in fact they are in opposition to one another. One would expect similar deltaR distributions to the ones in

chapter 2.3.3 while the ones we obtained show that the two jets are mostly back to back. One can check

this evident peak at π, which means that we are not selecting the pair of mesons we aspired to. By analysing

the D-mesons history in the cases that were included in the MC truth scenario, we realised that these were

indeed coming from the same c-quark; however, in these cases the c-quark decayed into another gluon which

gave rise to another cc̄ pair, which in its turn originated another D-meson. Since the algorithm only stops

at the last common c-quark, we were not pairing D mesons from the intended system. During this event

record assessment, we checked the constitution of each one of the jets used for analysis. The leading jet
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Figure 3.4: Distribution of the deltaR(J1,J2) observable for the D-meson tagging. Uses fully

reclustered jets, as our baseline results

always included the D meson pair we were pursuing to find which is consistent with the results in figure 3.3b.

That meant we could not pair the mesons through pairing the jets by proximity as we have done until now

because they were already paired inside the jet.

For completeness, we also show in figure 3.5 the pull angle distribution for this case for both the

reconstructed case and the MC truth. We see a good correspondence between both distributions and also a

tendencially flat distribution. We can also see the same tendency as in the octet distribution in figure 2.16.

However the amount of events is really small and, from the D-meson deltaR (figure 3.2a) one can see that

this method is missing most of the events (which are located at small-R)

Figure 3.5: Distribution of the pull angle(J1,J2) observable for the D-meson tagging. Uses fully

reclustered jets, as our baseline results

In the following section, we will test a different reconstruction method to see if it is possible to tag the
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D-mesons on small deltaR which are the ones that will be of more interest for a future HI study.

3.1.2 Subjets method

The method described in the last section did not provide the outcome we expected: we obtained a very small

sample of jets containing D-mesons which where positioned back-to-back to one another. To override this,

we used the method described in section 2.3.2 and reclustered, using an anti-kT algorithm and the settings

in table 3.5, the constituents of the leading jet into subjets.

Events

Octet - cc̄

Jet Clustering Algorithm anti-kT
Jet Radius 0.4

Reclustering Algorithm anti-kT
Subjet Radius 0.2

Table 3.5: The event definition and the input settings of the PYTHIA event for the cc̄ case for 2

subjets reclustered from the constituents of the hardest jet in the event

We define jets as settled in table 3.5 and using the event settings in table 3.3 from which we recluster

two subjets with radius R = 2 using an anti-kT algorithm from the constituents of the hardest jet in the

event containing at least two D meson, that is the jets observed in figure 3.1a. That being said, one can

assess the number of subjets inside the hardest jet under the conditions mentioned earlier in figure 3.6a.

The subjets, also defined in accordance with table 3.5 are required to have one D-meson each. In figure

3.6b one can check the proportion of subjets containing a D-meson, reconstructed from the jets with ate

least one D-meson. Of course that our aim is to target the events which have a jet containing at least two

subjets each with one D-meson, from figure 3.6b bars n=2 and n=3.

(a) Number of subjets per leading jet containing at least

two D-mesons

(b) Number of subjets with a D-meson inside the leading

jet (with at least two D-mesons

Figure 3.6

We noticed the D-mesons were in the constitution of the leading and subleading subjets of the leading

jet of the event (after applying the cuts described before). By checking the particle’s ID of the constituents

of the leading jet and of its leading and subleading subjets, we confirmed that the majority of events with at

least two D-mesons had the mesons in only one jet (more precisely the mesons were part of the leading and

the subleading subjet). This is consistent with the results in figure 3.3b where we have arrived to the same
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conclusions.The tracking in the event record was possible due to the conjugation of the particles ids and

positions in the record with the position and id of the constituents of the subjets, J1 and J2. Then, after

making sure that both subjets had one D meson each, we traced the meson’s history in the event until we

found the common c/c̄ from which both mesons should derive; this last step is the difference between the cc̄

distributions and the MC truth. The latter uses information on the mesons history, once again, impossible

to track in the experiment. In figure 3.7, we show the deltaR distribution of the two subjets under study

(leading and subleading subjet of the jet containing two D-mesons) .We see that both the cc̄ and the MC

truth distributions are in accordance, which proves that with the subjets method we can retrieve the correct

system on which we have two D-mesons (one per subjet) each of them coming from the same c/c̄ pair.

Figure 3.7: Distribution of the deltaR(J1,J2) observable for the D-meson tagging. The MC truth

is in accordance with the generic picture of the D tagging

We are now in conditions of applying the pull vector analysis similarly to what we did in the previous

section. We kept the comparison between reconstructed results and the MC truth distributions. We start

by presenting the pull angle distributions for both the reconstructed and truth level. These distributions are

also compared with the baseline results for the octet. We can see them in figure 3.8b

We observe that this tagging helps proving that our standard octet is close to an octet we can control

at hadron level. However, we can also see that the behaviour of the D-meson case presents a smoother

distribution and it is slightly more peaked at zero than the standard octet (this could include other systems

as explained previously). Nevertheless, comparing with the singlet at the pp level, we are still in the presence

of a uniform distribution, as expected, and we can also give now evidence of a controlled octet behaviour

under the study of the pull vector study.

3.2 Final remarks on the cc̄ case

In this chapter we approached a specific octet case, easy to control and to handle at experiment level, in two

different ways: by reconstructing two jets and by reconstructing 2 subjets inside the leading jet. We have

started from the former approach in order to follow the previous chapter methodology. We have showed
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(a) DeltaR(J1,J2) - comparison between our baseline octet results and the cc̄ case;

(b) Distribution of the pull angle observable for the D-meson tagging. comparison between our baseline

octet results and the cc̄ case

Figure 3.8: Comparative picture of our baseline octet and a true octet case (D-meson tagging)

that the requirements we imposed to the events made them hard to get due to the poor efficiency in getting

them. Please recall that we require an event with at least two jets and furthermore with one D-meson each.

Furthermore, we also conclude that the di-jet system obtained does not fulfil our needs: this analyzes plans

to be adapted to heavy ion collisions; in such events we require the D-mesons to be closer to the beam

axis in order to avoid the the signal to be spoiled by the background particles (this will be discussed in the

following chapter). When one compares the deltaR distribution for the di-jet system with the the deltaR

distribution for the two hardest D-mesons per event we can see that we are only getting the residual part of

the spectrum close to deltaR = π while loosing the dominant contribution close peaking at values close to

the jet radius. Adding to this, our studies lead to the conclusion that most of the events with two D-mesons

included both of the particles in the same jet’s constituents, we adapted the method described previously
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on intra-jet reconstruction of subjets. We now see that both issues raised regarding the previous approach

are now fixed: we see that proportionality of subjets fulfil our request is more favourable which leads to

distributions without major statistical issues, and we now are managing to cover the dominant part of the

spectrum of figure 3.2a as one can confirm in figure.

The study developed along this chapter made it possible to build a resilient octet system easy to manage

at the experiments and able to be used in an heavy ion environment. Nevertheless the study of the cc̄

case also brought strength to our octet system studied in chapter 2. From figure 3.8 we can see the

proximity between both sets of distributions. The pull angle distributions are almost coincident with great

correspondence between the MC-truth for both cases and between both sets of results. As for the deltaR

distributions, we see that they agree on the spatial distribution of the jets/subjets containing the D-mesons

to be close to the jets/subjets radius (without forgetting that the distributions are related to different

reconstruction methods - confront chapter 2.2.1). This confirms the quality of our octet signal and makes

it possible to proceed with the next studies on the pull vector.
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Chapter 4

The Pull Vector in Proton-Proton

collisions with thermal Background

Now we have the singlet and octet cases that were defined via the decay of colour neutral bosons and the

decay of a gluon (chapter 2.2.1), respectively, and also an octet case coming from the gluon splitting into a

cc̄ pair (chapter 3). We intend now to understand the behaviour of the systems when studied in a situation

close to a real heavy ion collision. To do that, we test the resilience of this analysis to the presence of

a heavy-ion background. Here the interacting nucleus are represented by Lorentz contracted discs [33].

These are composed by quarks and gluons. When the discs overlap or collide, the incident partons lose

energy without falling far apart from the collision centre. The medium-modification of initial multiple parton

interactions (MPI) and the underlying event background lead to an higher number of particles produced,

when comparing to pp [34] That way the average number multiplicity (number of particles produced in

the event) is considerably higher in HI with respect to pp [35]. We are going to use with a toy MC to

simulate the background particles of an HI event where the pp event simulated via PYTHIA (tab. 4.1)

will be embedded. We start by describing the background generation process (section 4.1) and explore the

influence this background plays in the systems explored in the previously in section 4.2. We will also study

two different particle subtraction methods and further develop the most appropriate one for our purpose.

Events

Singlet Octet

Channel Double boson hadronic de-

cay (Z and W bosons)

Gluon splitting

PYTHIA Channels WeakDoubleBoson:all HardQCD:gg2gg and

HardQCD:qqbar2gg

Particle’s minimum pT 0.5 GeV

Particle’s eta range [-3,3]

Minimum Jet pT 150 GeV

Jet’s η range [-2.5,2.5]

Mass (J1+J2) [70,120] -

Jet Radius 0.2

Table 4.1: Thermal background Pythia events settings
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4.1 Thermal Background: Settings of the background

In [36], the ALICE experiment determined the number of charged particles for Pb-Pb collisions at
√
snn =

5.02TeV. There, they show that in the most central region, [-3.5, 5] in pseudorapidity, one has about 18000

charged particles (figure 4.1).

Figure 4.1: Density of background particles in the most central (0–5%) Pb–Pb collisions at
√
snn =

5.02TeV [36]

This is a very qualitative approximation, because the particle distribution is not homogeneous in that

large gap of pseudorapidity. In order to use this information in our background studies on the observable

pull vector, we use a toy MC which simulates particles according to a thermal spectra. In figure 4.2a we

plot the pT spectrum of the background particles as well as the pT spectrum of the PYTHIA event particles

with the settings in 4.1 (figure 4.2b).

(a) pT spectrum for the thermal background particles (b) η distribution for the background particles

Figure 4.2: Background particle’s profile
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The size of the background population per event follows a gaussian distribution with average 18000.

This figure is obtained by approximation, based on the information provided in [36]. That way approximately

2000 charged particles per unit rapidity is a good estimate. We are working in a pseudorapidity range [-3,3]

and one must consider a 3/2 factor to include neutral particles, one obtains the average number N=18000

(which is obtained by considering the 2000 particles/η for the 6 units in η contained inside our frame and the

3/2 term to account neutral particles, and not only charged ones). The background particles are generated

with pT given by the probability distribution function given in table 4.2, where we collect all the settings

used to generate the background particles. There we establish the minimum pT of background particles as

0.5 GeV, so as to stay in accordance with the minimum pT required for the particles in the PYTHIA event

(table 4.2). In figure 4.2 we present the thermal pT spectrum of the background particles (left), together

with the η distribution between [-3,3], which we can confirm is uniform in the range of the referred interval.

With such settings we obtain a thermal background similar to the one seen in ALICE and that mimics the

effect of a Pb-Pb collision at
√
s = 5 TeV (figure 4.1). This is what is usually called a simplified model of

a heavy-ion background since dedicated heavy-ion Monte Carlo event generators are available. But, for the

purpose of this exercise, it suffices to see how uncorrelated particles affect the pull angle signatures for the

referred systems to predict whether the coherence effects we observe in pp will still maintain in HI collisions.

pT η range Φ range min. pT N̄

xe−x/0.5, x ∈ [0, 400] [-3,3] [-π,π] 0.5 GeV 18000

Table 4.2: Thermal background particles settings

The thermal background is embedded to the PYTHIA event particles ensemble. In figure 4.3 we have

represented the jets’ transverse momentum spectrum prior and after the introduction of background.

Figure 4.3: Jet’s pt distribution with and without the influence of the background

We can see that there is a clear shift in the distribution. This matter will be addressed further in chapter

4.3 where we will discuss further techniques to assess whether the background is properly set up. One can

then test the effect of embedding background particles in the behaviour of our observable.
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4.2 Effects of background in the observable

Now that one established a background capable of mimic a Pb-Pb collision background, one can proceed to

compare the effect that such background plays in the behaviour of the pull angle observable. One should

first inquire what one expects from the addition of the background particles. The effect in the singlet is

expected to be significant: one predicts that the strength of the signal showing a colour connection between

the quark-anti-quark system should decrease. As we mentioned earlier, the addition of thermal particles to

the event will not affect the magnitude of the vector but only its direction, that is the pull angle. The newly

added particles are expected to weaken the colour bond between the singlet jets since we add uncorrelated

particles with no colour connection with the existing ones and among each other. As for the octet the same

is not expected. The octet is identified by the lack of existing colour bonds amongst jets: we are adding

particles with no colour bonds to the event so they will not play any difference in the pull vector direction.

Nonetheless these effects will now be investigated in the remainer of the present chapter.

4.2.1 Singlet

Let us start by embedding the background particles in the events obtained for the singlet case as described

in 2. Our purpose now is to compare the results in the previous chapter with the new results under the

influence of a thermal background. For doing so, we present the results on deltaR (fig. 4.4a) and pull angle

distribution (fig. 4.4b) for the singlet event with thermal background case with (the orange shaded plot)

and without (the red scatter plot) the mass cut we introduced when reconstructing the singlet. We then

compare, in the same figures, these results with our pure singlet event (the blue shaded plot) obtained in

chapter 2. Recall that the event is generated with the cuts in table 4.1. The pT cut applied to the jets

is performed after adding the background particles to the PYTHIA event. The clustering procedure with

the anti-kT method and the requirements in 4.1 follows these background embedding and includes both the

event’s and the newly added thermal particles.

We can see that by applying the mass cut the deltaR distributions became similar to each other, which

comes from using the same reconstruction method and an anti-kT algorithm which, as we mentioned earlier,

tends to merge hard particles. We also see that the mass cut is responsible for bringing the system closer

to the system with no background influence. In terms of the pull angle distribution, we can observe that

in figure 4.4b, the pull angle suffered a major decrease in showing the connection between the two prongs

- there is not a pronounced peak at pull angle zero for the signal of the event + embedded background

case. Based on these results, one argues that the addition of the background will be sensed mostly in the

colour flow direction, that is, in the pull angle, since the pull angle did not react the same way as the deltaR

distribution.
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(a) DeltaR(J1,J2) - comparison between our baseline results and the singlet case with thermal

background; we see that by imposing the Mass window cut we retrieve a similar distribution to the

baseline

(b) The pull angle for the singlet case with thermal background gets way apart from the baseline

distribution; even introducing the mass window cut would not bring the distributions close to each

other

Figure 4.4: Comparative picture to assess the effect of background introduction in the singlet

system and also the effect it plays in the observable

4.2.2 Octet

In this section we assess what is the effect that the embedded thermal background plays in the octet baseline

system - the the qq̄ resulting from gluon splitting which we established in chapter 2.2.1. In figure 4.5, we

compare the results from chapter 2.2.1 (blue shade) with the embedded background in the same system

(orange shade) for the deltaR and the pull angle distributions. In this case no mass cut is applied but we

reconstruct all anti-kT jets with R = 0.2 above a pT ≥ 150 GeV in |η| < 2.5.

We observe that the octet, as it is defined, is not affected by the introduction of background. That is,

by adding thermal background particles in the event our octet signature in the pull angle behaviour does not

change.
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(a) DeltaR(J1,J2) - comparison between our baseline octet results and the octet case with

thermal background;

(b) Pull angle distribution

Figure 4.5: Comparative picture to assess the effect of background introduction in the octet system

and also the effect it plays in the observable

4.2.3 The Octet cc̄ case

We introduced in chapter 3.1.2 an octet case closer to the one of interest for HI studies dedicated to colour

(de)coherence: the cc̄ case. We shall revisit now this case where we look into jets with two subjets each with

one D-meson, and determine the pull vector. As we have seen in chapter 3, the optimal event reconstruction

method differs from the ones approached in the course of this chapter due to the fact that one would find

the D-meson pair in a single jet. In this section we will focus on the effect that the thermal background

into a PYTHIA event when looking to the pull angle from a g → cc̄ radiation, in the behaviour of the

observable.In figure 4.6a we analyze the deltaR distribution for the cc̄ case with (in orange) and without (in

blue) thermal background and in figure 4.6b the same comparison but now for the pull angle distribution.

The distributions show us that the deltaR distributions are quite close to each other which is consistent

with the results we obtained in the last two sections (despite showing difference in the behaviour of the pull
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(a) DeltaR(J1,J2) - comparison between cc̄ octet case results with and without thermal

background;

(b) Pull angle distribution

Figure 4.6: Comparative picture to assess the effect of background introduction in the octet cc̄

system and also the effect it plays in the observable

angle observable also observed for the baseline singlet case, the spatial description of the system remains

similar before and after of the addition of background particles). We notice that the introduction of the

background flattens the pull angle distribution in the case of the cc̄ case. This means that this system is

more sensitive to the presence of background than the baseline octet we studied in the last section, were we

did not observe such variations in the pull angle distribution due to the embedding of background particles

in the event.

4.3 Background Subtraction - methods

Following the considerations of last section regarding the fading of pull angle signal for the singlet one must

turn to a solution to retrieve our observable in conditions able to be applied in the experiment.

At the LHC protons, collide with an enormous instantaneous luminosity. This is a requirement to find
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novel physics processes. However such conditions generate a contribution from multiple pp interactions,

uncorrelated with the signal - pileup. However at calorimeters there is not such angular sensitivity. This

enforced the application of corrective measures to the pileup phenomena. In [37] jet-by-jet and event-by-

event background subtraction methods are introduced. These are area based methods which enforce a

4-momentum correction to the jets, to account for the pollution provided by soft constituents contribution.

4.3.1 Area based methods

One can perform an additional check to confirm whether the results are consistent. The δpT observable is

determined using:

δpT = pT Pythia+background − pT Pythia − ρ× Area, (4.1)

where ρ stands for the background density per unit area. This observable is a way to understand the overall

contamination within the jet area. It also allows to correct the jet scalar pT spectrum, to account the

presence of the density of background particles. In this case we used a simple area based background

subtraction, given in [37][25]. As one may conclude, there is the need to guarantee the correspondence

between PYTHIA jets and PYTHIA+background jets. In order to achieve the correspondence we perform

as follows:

1. a first clustering of the PYTHIA particles solely with an anti-kT algorithm, R = 0.2 and pT ≥ 150GeV;

2. a second clustering of the PYTHIA+background case using the same clustering settings;

3. check the deltaR between jets in item 1 and jets in item 2;

4. determine the distance between the jets with background particles relatively to each of the jets without

background, and we pair the closest PYTHIA jet to the PYTHIA+background jet;

5. compute the formula in eq. 4.1.

In figure 4.7 we subtract the pT of the PYTHIA event particles and the prediction of background to the

pT of the PYTHIA+background system. Additionally, we also fit a gaussean function to the distribution in

order to retrieve the gaussean parameters (the fit results are in table 4.3). The jets considered concern the

entire PYTHIA event for the event and jet reconstruction restrictions we show in table 4.1 in a pT window

[150,170] GeV and the sum of the PYTHIA event to the thermal background described above (PYTHIA

+ background) to which we perform the same clustering procedure with the same restrictions. That way

we can assess the influence of the background in the pT spectrum of the overall event and complement the

information in 4.3 (we already checked the spectrum would suffer a shift but we will now quantify the shift).

σ X̄

9.3± 0.1 0.7± 0.2

Table 4.3: Fit parameters of the δpT distribution to a gaussean function
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Due to the fact that we are considering jets with radius R = 0.2, the effect of the background particles

is rather small, leading to a narrow δpT of a few GeV. However the prediction in [36] would be of a σ ≈ 5

GeV. As we can see in our case the same quantity is about 9 GeV which shows us we are slightly off the

expected value, which means our sample is more contaminated by the background. The mean value of the

gaussean stands µmean ≈ 0 which means that the subtractor is well defined. However our major issue with

this method is indeed this area based background subtractor. The problem with these area-based methods is

that they are not possible to apply in our specific case due to the particle by particle nature of our observable.

That way one require a method that would act at particle-level to remove the background event from our

jets co recover the colour coherence relations. Such methods exist and are called constituents subtraction

methods and will be studied in the next chapter.

Figure 4.7: We perform a fit to the δpT distribution with background estimation obtaining:σ =

9.3± 0.1, X̄ = 0.7± 0.2

4.3.2 Constituent Subtraction

In chapter 4.3.1 we used an area based method to remove background on average. We also obtained the δpT

distribution. As we concluded these area based methods are not suitable to our study of colour coherence

between jets. Thankfully, novel approaches to the pileup issue have been addressed in [38]. Here are

provided the steps to achieve a modified method which apply modifications directly in the jets constituents.

It is also relevant because it is independent of the jet reconstruction algorithm. That way, it is useful in

heavy ion collisions on which jet reconstruction is a more demanding process. As the name might suggest,

the 4-momentum corrections are applied to each particle, changing at the same time both jet’s structure

and substructure. This is achieved by adding ghost (massless) particles to the event, usually used to assess

the area of jets. Then a clustering is performed and on obtains jets but now also with ghost particles in its

constituents. We can now use the ghosts to correct the pileup effects in each jet: the algorithm sets the

ghosts pt to negative values, and matches ghosts to event particles on a deltaR basis. Next the mass and

44



4-momentum correction is applied. That way we have a robust method to retrieve our pull angle singlet

signals. The method is already implemented in the contribution package of FastJet and we will make use of

it.

Let us revisit the δpT distribution now using the particle level subtraction method: we compute the

observable by supplying the result of the background subtraction and the PYTHIA event particles as input.

The result is plotted in figure 4.8, where we once again plot the δpT distribution and make a gaussean fit

(table 4.4) to the distribution to retrieve the σ value.

σ X̄

6.9± 0.1 1.9± 0.2

Table 4.4: Fit parameters of the δpT distribution to a gaussean function

Figure 4.8: We perform a fit to the δpT distribution with background subtraction obtaining:σ =

6.9± 0.1, X̄ = 1.9± 0.2

Once again we have a gaussean distribution with center close to zero, which shows that our background

subtraction is working, similarly to what was previously discussed in the last section. On the other hand we

now have a closer σ to the predicted value for Pb-Pb collisions at
√
s = 5TeV which is around σ = 6.5,

which means that our jets only fluctuate ±6.5 GeV with respect to their truth pT value.

4.4 Pull Angle with Thermal Background Subtraction

As we have seen in the previous chapter the particle-by-particle subtraction is the most appropriate to apply

due to our observable characteristics. That way, to retrieve the behaviour we saw in vacuum, we use a

particle level subtraction algorithm. It is then time to return to our observable and specifically to our pull

angle results and apply this constituents subtraction method to bypass the effects of the thermal background.
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4.4.1 Singlet

Returning to the singlet case, in figure 4.9, we analyze this approach by checking once more the deltaR

distribution and the pull angle distributions.

Recall from the previous section that our main problem was that the singlet signal was masked by

the introduction of thermal background even though deltaR was similar to the singlet distribution without

background. We observe that we now manage to get a similar picture with thermal background subtraction

to our baseline results, that is, we managed to get our signal out of a medium filled with soft background.

On top of that, by implementing the mass window cut [70, 120] GeV we applied to our baseline results, we

obtain even close results, which impels to conclude that the singlet signal survives in the presence of a HI

background.

(a) DeltaR(J1,J2) - comparison between our baseline results and the singlet case with thermal

background after constituent subtraction; we see that by imposing the Mass window cut we

retrieve a close distribution to the baseline one

(b) The pull angle for the singlet case with thermal background after constituents subtraction

gets really close to the baseline distribution; introducing the mass window cut improves the

results

Figure 4.9: Comparative picture to assess the effect of background introduction after background

constituent subtraction in the system and also the effect it plays in the observable
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4.4.2 Octet

We also study the constituents subtraction in the octet system. This served as a benchmark on how close

the pull angle distributions referring to both systems - octet and singlet - would get to one another. In other

words it helped us assessing whether we were getting in a situation where singlet and octet could no longer

be distinguished by analysing the pull angle distribution. That way, in figure 4.10, we compare the octet

under the thermal background influence and after constituents subtraction with the baseline octet (chapter

2.2.1). We do these comparisons for the deltaR distribution (figure 4.10a) and the pull angle distribution

(figure 4.10b).

(a) DeltaR(J1,J2) - comparison between our baseline results and the case case with thermal

background after constituent subtraction;

(b) The pull angle for the case case with thermal background after constituents subtraction

Figure 4.10: Comparative picture to assess the effect of background introduction after background

constituent subtraction in the system and also the effect it plays in the observable

From the results we obtained above it is clear that performing the constituent subtraction step is not

that relevant in the case of the octet. Nevertheless it will also not induce any biases and the flat distribution

survives.
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4.4.3 The Octet cc̄ case

In chapter 4.2.3, we analyzed the effect that the background particles played in the behaviour of the pull

vector when applied to this system. Since we noticed a significant difference in the pull angle observable we

now intend to apply the background subtraction method used in the previous sections to retrieve the original

signal observed without background. For that we compare the results after subtracting the background with

the baseline results in figure 4.11: in figure 4.11a we present the deltaR distribution for both cases, and in

figure 4.11b the pull angle distribution.

(a) DeltaR(J1,J2) - comparison between cc̄ octet case results with and without thermal background;

(b) Pull angle distribution

Figure 4.11: Comparative picture to assess the effect of background after constituent subtraction

in the octet cc̄ system and also the effect it plays in the observable

It is clear to see that the deltaR distribution after subtraction is almost identical to the distribution without

any use of background. For the pull angle case, we observed in chapter 4.2.3 that the thermal background

influenced the pull angle distribution. The constituents subtraction method solves this discrepancy and we

manage to retrieve the original signal.
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Chapter 5

Conclusions and final remarks

The aim of this thesis was to study the feasibility of colour coherence studies using the jet pull in heavy ion

collisions. The study consisted on three main points

1. The development of an algorithm to select colour octet and singlet configurations in pp collisions.

Those algorithms were applied to simulations at detector level and validated with the MC truth.

Different approaches based on small-R jet reconstruction and jet substructure were considered. Two

alternative octet configurations were chosen: a gluon splitting into a cc̄ and and a simple gluon to

gluon emission in di-jet events.

2. The analysis of the jet pull angle observable and its distinct features in singlet and octet systems.

3. A study of the impact of the large heavy ion background on the jet pull angle differences between

singlet and octet configurations.

For that, throughout this thesis we present a study of intra-jet colour coherence effects in pp collisions at
√
s = 5 TeV. We use the jet pull vector, more specifically the jet pull angle, to perform this study. The pull

angle conserves information regarding the direction of the colour flow, and presents a distinct signature as

it peaks at zero in the presence of a colour singlet (interconnected jets) and presents a uniform distribution

in the presence of a colour octet. This observable was previously explored as a means to identify the colour

structure of the initiated jet. In this thesis, we use it as a novel tool for heavy-ion studies, namely to identify

if indeed colour decoherence is manifested in heavy-ion collisions. This required several steps as follow.

The colour decoherence studies require a physically closed system, with a small distance between the

prongs in study. This opposes to the systems used in existing studies. For that reason, in chapter 2 we

achieve to establish baseline systems of a colour singlet (double boson weak decay) and a colour octet (hard

QCD events with a gluon pair coming form the hard scattering) fulfilling our proximity needs. This results

are to be the benchmark for all the remaining results we present. One then requires them to be well distinct

from one another to fulfil that role. As we presented in the same chapter, we managed to identify the

singlet and octet cases by going to high-pT jets, and using either small-R jets or subjets. We also concluded
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that the prior were likely to perform better in the presence of a background, due to the greater difference

experienced between the octet and singlet signals.

The prospects of this work have a larger reach than pp collisions in vacuum: the goal is to extend it to

heavy ion collisions. From a highly populated environment, the octet system will be hard to be identified

out of the bulk (since jets uncorrelated to the hard scattering can be produced). As such, identifying

heavy particles - that are more difficult to be produced outside hard scattering fragmentation - can be a

solution to have a clear octet system (with the necessary conditions to test colour coherence) in a heavy-ion

environment. D-mesons are a very useful probe since they come from a c-quark, which is the lightest of

heavy quarks. As such, it can be produced via gluon splitting into a cc̄ pair. In this case, the D-mesons that

would come from the same gluon splitting were often found very close to each other (within the same small

radius jet). Without a suitable two-object system it was not possible to identify the pull vector. As such,

in this chapter, we demonstrate that an octet system possible to be experimentally identified in a heavy-ion

environment need to be defined via jet substructure. In particular, the best method was to reconstruct

subjets from within the fully reconstructed jets. We obtained an octet signal slightly less uniform than the

baseline but still with a great proximity to the truth MC distributions and well distinct to the singlet, with a

sharp peak at zero.

Finally we showed the effects that a thermal background, tuned to mimic a realistic Pb-Pb collision at
√
s = 5.02 TeV, plays in the pull angle observable for the 3 systems: singlet, octet (hard QCD events)

and cc̄ . As expected, with the introduction of soft particles, the singlet and the two octets become almost

indistinguishable. Because of this, we introduced a constituents background subtraction method aimed to

increase our pull angle signature and applied to the three systems. The results showed that we can retrieve

the baseline signals of pull angle and, in extension, of colour coherence, with a subtraction method available

at current experiments (instead of: experimental level.)

To sum up we developed the tools and methods that will allow to check if colour coherence effects

can be identified in an event with a thermal background influence as the one present at Pb-Pb collisions

at
√
s = 5 TeV. This is achieved by using subjet reclustering methods out of fully reconstructed jets and

subtraction methods, with which one can retrieve the vacuum proton-proton signatures characteristic of a

colour octet and a colour singlet. Our studies conclude that the differences survive the heavy ion background

after subtraction techniques are applied.
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Appendix A

Pull Vector for low pt jets

As we mentioned in the main text, our journey started in known territory: we settled our systems that would

serve as a colour singlet and a colour octet and reproduced the results obtained by the Atlas collaboration in

[27]. As the purpose of this dissertation is not the study of the pull vector at low pT, these considerations

were not included in the main text. Nevertheless we ought to include them here so as to keep a truthfull

record of the steps taken towards the results introduced with this project. That being said we adapted our

settings to match the Atlas ones as described before: jets with minimum pT of 25 GeV; jet radius of 0.4;

pseudorapidity window ranging from -2.5 to 2.5.

A.1 Pull angle at low pT

In figure A.1 we present the deltaR distribution, which contains information regarding the position of the

leading jet towards the subleading jet. Applying the same cuts as described in 2.2.2, one observes that the

mass window cut revealed to be the most important cut in terms of making the distributions closer to the

truth plot.
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Figure A.1: Study the effect of the cuts in the distance between the 2 prongs at hadron level

reconstructed and at the MC truth case. One can observe that the cut that puts the experimental

system closer to the Monte Carlo truth distribution is the mass cut, narrowing the window of the

W/Z boson.

Let us now analyse the pull angle distribution. In figure A.2 we can compare how close the singlet and

octet distributions are to the MC truth distributions.

Additionally in figure A.2a we can also see that the kinematic cuts discussed in the main text have the

same effect in the pull angle as for the deltaR distribution: the mass cut brings our observable closer to the

MC distribution.

Nevertheless we face an issue at low pt. As one can conclude from figure A.3 one cannot distinguish

singlet from octet with our systems at low pT. In [27], by using the tt̄ decay channel, they manage to get a

singlet system with enough proximity so that they can perform the pull angle studies at low pT. As one cold

see from figure 2.12 the two hardest jets are very well collimatted at high-pT. The same does not happen

at low pT even by increasing the jet radius. For that we keep this results here only as a matter of record

of our steps, since our main concern falls into high-pT jets where our observable and our octet and singlet

systems have a good behaviour.
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(a) Singlet system versus MC truth and kinematic cuts

(b) Octet system versus MC truth

Figure A.2: Pull angle distributions for singlet and octet systems and low pT jets

Figure A.3: Pull angle distributions for octet and singlet with the kinematic mass cut
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