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ABSTRACT

Fully corrected measurements of the 75 /7; jet shape are reported, in pp (/s = 7
TeV) and Pb-Pb (y/syy = 2.76 TeV) collisions, using the ALICE detector. Fully
corrected measurements of the AR jet shape are also presented in pp collisions. For
each shape, measurements are made using four different reclustering algorithms,
which probe the hard and soft scale splittings of the jet substructure. These are the
exclusive kr, exlcusive C/A (with and without minimisation) and soft drop groomer
with C/A algorithms. In both collision systems, the shapes are presented at 40 <
pjjft’Ch < 60 GeV/c, with a jet resolution of R = 0.4. The semi-inclusive hadron-jet
coincidence technique is extended to two dimensions for the first time, in order to re-
ject the combinatorial background in Pb-Pb collisions. A two-dimensional Bayesian
unfolding procedure is used to correct the measured distributions, for detector (pp

and Pb-Pb) and background (Pb-Pb) effects.

In pp collisions, the results are used to test QCD splitting functions and fragmenta-
tion patterns, with particular emphasis on measuring the two-prong nature of QCD
jets. In Pb-Pb collisions, changes to this two-prong substructure, due to quenching
effects in the quark-gluon plasma, are investigated. No modifications, relative to the
vacuum, are observed .
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CHAPTER 1

Introduction

1.1 QCD

All natural interactions can be explained through the four fundamental forces. These
forces act between particles via the exchange of mediating bosons, which determine
the properties of their corresponding force. Gravity will be omitted from the discus-
sions in this work, due to its insufficient strength on the subatomic scale. The elec-
troweak theory [1, 2, 3| successfully combines the electromagnetic and weak forces
and is considered one of the major successes of 20" century physics. A large wealth
of experimental results have since validated this theory. Due to a large coupling
constant and the self interaction of its mediating bosons, gluons, the strong force
is yet to reach the same level of theoretical and experimental validation. Quantum

Chromodynamics (QCD) is the theoretical framework underpinning the current un-

1
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derstanding of the nature of the strong force [4, 5, 6]. It states that colour charged
particles (quarks and gluons, which will be referred to collectively as partons) inter-

act via the strong force by exchanging gluons.

1.1.1 Strong Nuclear Force

The potential of the strong force can be written as [7, 8],

Vi(r) = —=— +kr, (1.1)

where ay is the coupling strength of the interaction and r is the distance between
colour charged centres. k is a constant, representing the field energy per unit length
stored between colour charged centres, which is distributed in structures known as
flux tubes [9]. At large distances, the kr term in equation 1.1 dominates. At a certain
separation, it becomes more energetically favourable to create a new quark and anti-
quark pair, rather than further increasing r. This leads to a phenomenon known as
confinement [10], where colour charges are bound together. Confinement limits the
size of nucleons and prohibits the observation of free colour charges in nature. This
phenomenon contributes to the difficulties of studying strong interactions between

colour charged particles.

It would be expected that in the limit of r — 0, Vi(r) — oo. However, ay is not

constant, as given by [11],

(@) = — 2 (12)

14 f—;as(,uQ) In g—;

Q? = —¢*, where ¢ is the four-momentum exchange of the interaction. Since the
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coupling increases without limit with increasing distance, it cannot be scaled with
respect to coupling at infinity and instead a scale u is chosen. 5y = %(an —2n,),
where 1, is the number of quark flavours and n, is the number of colours. In QCD

these values are six and three respectively, leading to 5y = 7. By defining the QCD

scale constant A% p = ,uzexp[ﬁo%%], equation 1.2 can be rewritten as [11],
4m
I P—— - (1.3
/80 ln A2
QCD

At large Q* (Q* >> Ajp), which corresponds to small 7, a, becomes vanishingly
small. This occurs at a faster rate than the increase of the % term in equation 1.1,
resulting in V,(r) — 0. In this limit, perturbation theory applies and QCD processes
are calculable. At small Q? (large distances), perturbation theory is not applicable
since a; becomes large. In this regime, techniques such as lattice QCD [12] and
numerical methods must be used instead. Experimental data also plays a large part
in quantifying processes at this level. This dependence of oz on the energy, is known
as the running coupling of the strong force and is shown through measurements in

figure 1.1 [13].

1.1.2 Quark-Gluon Plasma

At sufficiently high energies, the running coupling of the strong force leads to de-
confinement, where oy — 0 and colour charges cease to interact with one another.
This is known as asymptotic freedom [14]. However, long before these energies,
there is a complementary phenomenon in bulk QCD matter known as Debye screen-
ing [15] (analogous to the Mott transition in QED [16]), where high temperatures
and/or densities of nuclear matter induce a screening of colour charges. Thus, in

dense QCD matter, long range interactions are screened. The Debye radius defines
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Figure 1.1: The coupling of the strong force is measured for different interaction
energies, across a variety of experiments. The running coupling behaviour of the
strong force means that the coupling becomes small at high Q? and large at large
distances [13].

a distance from a colour charged centre, beyond which interactions are exponen-
tially suppressed. This radius decreases with increasing temperature. At a certain
temperature, this radius becomes smaller than the hadronic scale, such that quarks
and gluons become unbound and are able to propagate freely over extended dis-
tances. This leads to a phase transition in QCD (figure 1.2) [17], at T ~ 170 MeV,
where quarks and gluons become deconfined. This results in a new state of mat-
ter, known as the Quark-Gluon Plasma (QGP), where quarks and gluons are the
relevant degrees of freedom over hadrons. Since the phase transition occurs before
the realisation of true asymptotic freedom (a; — 0), the QGP medium is strongly
interacting. This provides an ideal experimental opportunity with which to study
the strong force, acting between unbound but strongly interacting colour charged

particles.



5 CHAPTER 1. INTRODUCTION

160 1 —
140 | 4
120 |
10.0 |
8.0
6.0
4.0
2.0
0.0

3 flavour

2 flavour ]

T,

1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 1.2: The QCD phase transition, predicted by lattice QCD calculations for
models involving different numbers of (light) quark flavours. At a critical temper-
ature of T ~ 170 MeV, hadronic matter undergoes a phase transition to a state of
free quarks and gluons [17].

1.1.3 Heavy lon Collisions

Relativistic heavy ion collisions are the experimentally accessible method of creat-
ing the QGP medium. This experimental journey began in the 1980s and 1990s
at the Super Proton Synchrotron (SPS) at CERN and the Alternating Gradient
Synchrotron (AGS) at Brookhaven National Laboratory (BNL) respectively. At the
SPS, centre of mass energies of \/syy = 17 GeV were achieved via fixed target
collisions. In 2000, the same year that data taking at the Relativistic Heavy Ion
Collider (RHIC) commenced, CERN announced the first indirect signatures of QGP
creation [18]. This was inferred through measurements such as the suppression of
J/1 and strangeness enhancement. The next decade of experimental studies per-
formed at RHIC, a dedicated heavy ion facility with a centre of mass energy of
Vsny = 200 GeV, produced a wealth of new data; confirming the existence and

creation of the QGP. Properties of the QGP such as its opacity to high momentum
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hadrons (jet quenching) [19] and its “ideal liquid” nature [20], were also discovered.

The Large Hadron Collider (LHC), at CERN, is the culmination of experimental ef-
forts in studying the QGP. Since becoming operational in 2008, the first phase of the
LHC has seen the collision of Pb nuclei at a centre of mass energy of \/syny = 2.76
TeV. The LHC’s dedicated heavy ion experiment, ALICE, has already confirmed
and extended the early measurements made at RHIC. The order of magnitude in-
crease in centre of mass energy, compared to RHIC, creates larger and longer lived
QGP systems, which are favoured experimentally [21]. This allows for a more de-
tailed study of the properties of the QGP, which is the current goal of high energy
heavy ion physics. In particular, this work will concern itself with probing the finer
details of the energy loss of colour charged particles traversing the QGP. Despite
the capabilities of the LHC, RHIC plays a vital role in the field. Amongst other
things, beam energy scans at RHIC probe the energy dependence of observables,
whilst systematic studies colliding different ion species form a control experiment

for initial state effects.

Figure 1.3 shows the collision dynamics of a central heavy ion collision. Centrality
defines the degree of overlap of the colliding nuclei, with central collisions having
a larger amount of overlap than peripheral collisions [25]. The higher number of
nucleons participating in central collisions, leads to a larger amount of energy being
deposited. Therefore, central collisions produce the largest and longest lived QGP
systems. Centrality is often quoted as a percentage, ranging from 0-100%, with the

lower end of the scale attributed to the most head on collisions.

1.1.4 QGP Induced Energy Loss

One of the most compelling signatures of QGP creation, is the energy loss of high

momentum partons traversing the medium. These partons are expected to interact
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\ Freeze-Out

(a) Timeline of the creation, expansion and cooling of the QGP
medium, following a heavy ion collision [22].

(b) A simulation of QGP creation, through relativistic heavy ion col-
lisions. The two green disks are the lorentz contracted beams, the red
system represents the thermalised QGP and the blue system is the cooled
down hadronic gas [23].

Figure 1.3: The different stages of a central relativistic heavy ion collision are shown.
The high temperatures and energy densities of the collision (a few GeV/fm? at
the LHC [24]), deconfine the quarks and gluons which quickly thermalise into the
QGP. The medium then expands rapidly and cools down. Once it reaches the
critical temperature (T.), the quarks and gluons are bound and a hadronic gas is
formed. The system further cools to the chemical freeze-out temperature (T.;),
where inelastic collisions cease and the hadron species ratios become fixed. Finally,
the system reaches the kinetic freeze-out temperature (Ty,), where elastic collisions
also cease. This is the state of the particles as they pass through the detectors [22].

with scattering colour centres in the medium and lose energy via radiative and col-
lisional processes. The two most prominent formalisms of radiative energy loss are
the Baier-Dokshitzer-Mueller-Peigné-Schiff (BDMPS) [26] and Gyulassy-Levai-Vitev

(GLV) [27] theories. Both formalisms attempt to describe this QCD energy loss in
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an analogous manner to the QED energy loss of charged particles travelling through
matter, known as the Landau-Pomeranchuk-Migdal (LPM) effect [28, 29, 30]. Anal-
ogous to the QED case, where the energy is carried away via photon emission, in
QCD the energy loss is induced by the emission of gluons. The BDMPS formalism
concludes that the energy is lost through the emission of many soft (low trans-
verse momentum (pr)) and semi-soft gluons. A transport coefficient, ¢, determines
the rate of pr accumulation due to the scattering of partons travelling through the
medium. In contrast, the GLV formalism expects that the energy is carried away by
a few harder (high pr) gluons. Both models include a medium length dependence

for the energy loss.

The first experimental evidence to motivate energy loss models in the QGP, was the
observation of the suppression of high pr hadrons in heavy ion collisions, compared
to pp collisions (vacuum) [31, 32, 33, 34]. These high py hadrons are taken as a proxy
for the high pr partons scattered in the initial stages of the collisions. The nuclear
modification factor, R4, measures the ratio of the pr yield of charged hadrons in
heavy ion collisions compared to pp collisions. The pp yield is scaled by the number
of binary nucleon-nucleon collisions occurring in the heavy ion events. Since this
quantity is dependent on the centrality of the collision, R 44 is measured differentially
in centrality. In the absence of medium effects, high pr particle production in heavy
ion collisions would be a superposition of multiple pp collisions, leading to an R 44
value of unity. However, as shown in figure 1.4, measurements of R 44 in 0—5% most
central Pb-Pb collisions, show a clear deviation from unity at high py. Measurements
of Rya (Raa performed in p-Pb collisions) show no deviation from unity for high pr
hadrons. Since no QGP is expected to form in p-Pb collisions, this indicates that the
deviation observed in central Pb-Pb collisions is a QGP effect. This deviation is due
to the energy loss of the initial scattered partons as they traverse the QGP medium.

Even though the magnitude of this energy loss can be ascertained through charged
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hadrons, there is a much more powerful tool with which to study the behaviour of

energy loss. This tool is known as jets.
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Figure 1.4: The nuclear modification factor is measured in central Pb-Pb and p-Pb
collisions, at both the ALICE and CMS experiments. The production processes of
charged hadrons with pS* <~ 3 GeV/c, are not linked to the hard scattered partons
and therefore exhibit a different behaviour compared to their higher p$* counterparts.
The R4 of charged hadrons above ~ 3 GeV /¢ shows strong quenching effects. The
increase of R4 towards unity, with increasing p$?, is a consequence of the medium
length dependence of the energy loss. Since the energy loss is not dependent on the
energy of the parton, at higher p$*, the lost energy represents a smaller fraction of
the hadron’s p$f. The measurement of R, is used to disentangle medium effects
from initial cold nuclear effects, since no QGP is expected to form in p-Pb collisions.
The R,4 value of unity for hadrons arising from hard scatters, indicates that the
deviations seen in Pb-Pb collisions are due to the QGP [35].
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1.2 Jets

Jets are defined as collimated bunches of hadrons, originating from the fragmenta-
tion of high pr partons which were scattered in the initial stages of the collisions.
After a hard (high Q?) interaction between constituents of the colliding nuclei, a pair
of partons are scattered in a back to back configuration. These scattered partons
lose virtuality, through fragmentation, resulting in a parton shower. At hadronisa-
tion scales (~ 1 GeV/c) the shower constituents hadronise into colourless hadrons.
In central heavy-ion collisions, this hadronisation is expected to occur outside the
medium due to the large timescales involved. Specially designed jet algorithms can
identify the hadrons originating from a scattered parton and reconstruct its proper-

ties.

These algorithms begin by clustering the final state hadrons, based on a combina-
tion of their pr and angular separation. At each step of the clustering, the clustered
hadrons are replaced by a pseudo-particle. The four-momentum of this pseudo-
particle is equal to the sum of the four-momenta of the clustered hadrons. This
clustering, between hadrons and pseudo-particles, continues until a predefined cri-
teria, often determined by a maximum angular size (jet radius), is met and a jet is
defined (for more information on jet clustering algorithms, see section 2.1). In this

way, jets provide a direct link to the initial scattered partons.

1.2.1 Parton Distribution Functions

The QCD factorisation theorem [36, 37, 38] postulates that jet production and
evolution can be split into three independent stages. This has yet to be analytically
proven, but is widely accepted in the theoretical communities and has been verified

against experimental results. The power of factorisation lies in the fact that it
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allows for the separate treatment of processes with different hardness scales, in the

evolution of the jet.

The first of these are the parton distribution functions (PDFs) of the colliding nu-
clei. High energy collisions resolve the constituent quarks and gluons of the colliding
nuclei. As such, the distribution of these constituents in the nucleons determine the
incoming scatterers. PDFs describe the probability of finding any particular parton
type, as a function of the momentum fraction of the nucleon which they carry. Since
PDFs map a wide range of momentum scales, including the soft scales, they cannot
be analytically calculated using pQCD. A data driven approach is used to obtain the
PDFs from experimental data, using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) [39, 40, 41] and Balitsky-Fadin-Kuraev-Lipatov (BFKL) [42, 43, 44, 45]
evolution equations (these equations also appear in the fragmentation functions de-
scribed later). In particular, deep inelastic scattering experiments and other hard
processes contribute to the determination of PDFs. Figure 1.5 shows the PDFs of
protons at the LHC, using data from previous collider experiments. The evolution
equations also contain the QCD splitting functions [40], which describe the probabil-
ity of partons radiating quarks and gluons. Modifications to the splitting functions,
due to energy loss in the QGP, are an active area of theoretical and experimental
interest and can provide information on the underlying QCD mechanisms. Studying

these modifications forms a large part of the work carried out in this thesis.

1.2.2 Hard Scattering Cross Sections

Once the initial distribution of partons in the colliding nucleons has been ascertained,
the next step is to calculate the cross section of partonic processes arising from the
scattering of these constituents. These can be modelled as i + 7 — ¢ + d, where ¢

and j are the initial state partons in the incoming nucleons and ¢+ d is the partonic
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Figure 1.5: The PDF's are determined by using global fits to available deep inelastic
scattering data. The variable x represents the fraction of the nucleon’s momentum
carried by the parton. It can be seen that at LHC energies, gluon-gluon interactions
are dominant. Quarks carry a large fraction of the proton’s momentum [46].

state after scattering. Since this is a hard process, a; is small enough so that it
is calculable in pQCD [47]. The production cross section of the scattered partons

(which give rise to jets) from the colliding nuclei can be modelled as,

ola+b—=c+d) = Z / daydzadQ® fi (w1, Q%) 1 (22, QYo (i +j — c+ d), (1.4)

1,

where a and b are the incoming nucleons and f#(x;, Q?) represents the PDF describ-
ing the probability of finding parton ¢, carrying a momentum fraction x; of hadron
a, obtained at a given Q?. Comparison of measurements of the clean leptonic pro-
duction channels in hadron colliders [48], to theoretical calculations using PDFs and

the Drell-Yan [49, 50] leptonic production cross sections, provide validation of QCD
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and the factorisation theorem.

Non leptonic channels are not as clean and the final states observed in detectors in-
clude the fragmentation of the scattered partons into observable colour-less hadrons.
Therefore, any full theoretical model must include a description of this fragmenta-
tion to facilitate comparison to experimental results. This forms the third and final

part of the QCD factorisation theorem of jet production.

1.2.3 Fragmentation Functions

The mechanisms of the fragmentation and subsequent hadronisation of the scattered
partons are not well understood. These processes are, by definition, soft and are
not calculable in pQCD. Instead, they must be quantified experimentally by fitting
fragmentation functions to measured data. The first definition of fragmentation
functions described them as an inverse of PDFs, where they defined the probability
of a hadron emerging from a given parton [51]. Developments in the field [52, 53, 54]
have lead to expressions for fragmentation functions, of the form D!(z, Q), which
describe the probability of a fragmenting hadron h, containing a fraction z of the
longitudinal momentum of its parent parton i. The fragmentation functions also
depends on the scale of the hard scattering process, (), which gives rise to the

parton 1.

The parameters of these expressions are extracted from fits to measured data. The
first measurements of fragmentation functions were made at the Positron-Electron
Tandem Ring (PETRA) at DESY [55] and the Large Electron-Positron Collider
(LEP) at CERN [56, 57]. Figure 1.6 shows a fragmentation quantity (related to
the fragmentation functions), F(z, prje:), measured by the ATLAS experiment in
pp collisions [58]. This measurement includes the kinematic regime explored in this

analysis. F(z,prjet) is defined as the distribution of charged hadrons in bins of z,
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normalised to the total number of jets. The number of charged hadrons in a jet falls

with increasing z.
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Figure 1.6: The fragmentation variable, F'(z, prjet), measured in differential bins of

prjer by the ATLAS experiment in pp collisions at /s = 7 TeV [58].

With the addition of these fragmentation functions, equation 1.4 describes the full

cross section of the production of observed hadrons composing a jet, from the collid-

ing nucleons. In this way, theoretical QCD models and calculations can be validated

against experimental results in the vacuum (pp collisions) and modifications to the

distributions due to energy losses in the QGP can be extracted from measurements

in heavy ion collisions. Figure 1.7 shows measurements of the jet production cross

section in pp collisions at CMS [59], compared to next to leading order (NLO)

QCD calculations. The good agreement verifies the partonic theory of QCD, whilst
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validating the factorisation theorem of jet production.
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Figure 1.7: The jet production cross section measured for different angular geome-

tries by the CMS collaboration in pp collisions at /s = 7 TeV [59]. A power law
behaviour is observed at low p/e".

1.2.4 Jet Quenching

Jet quenching is the observation that partons traversing the QGP medium undergo
energy loss. Measurements of the charged hadron R4 (figure 1.4) served as a proxy
for this energy loss. However, jets provide a direct link to the scattered parton.
Figure 1.8 shows measurements of jet Rop at three LHC experiments [60]. Rep is
measured in the same way as R 44, with the exception that the reference distribution
is peripheral (non central) Pb-Pb collisions as opposed to pp collisions. In the case of
jet Rop, the distributions are composed of measured jet yields. A strong quenching

effect is observed, similar to the case of charged hadrons. However, in contrast to
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the charged hadron case, the jet quenching remains constant with increasing p]; 3

which is currently not understood.
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Figure 1.8: Measurements of Jet Rgp over a wide range of p{ret at the LHC. The
reference distributions are jets measured in peripheral Pb-Pb events, where no or
only small QGPs are expected to form [60].

R 44 measurements quantify jet quenching effects in a variety of systems. However,
they give limited information about the mechanisms of the energy loss and the finer
effects of quenching on jets. Modifications to the QCD splitting functions and the
radiative and collisional energy loss processes can alter the fragmentation patterns
of the constituents of the jet. To this end, a new field of jet studies, known as
jet substructure, which can scrutinise these processes in finer detail, has undergone

active development.
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1.2.4.1 Colour Coherence

One such energy loss mechanism, is that of colour coherence [61, 62, 63]. This theory
states that the medium can resolve and interact independently with constituents or
structures within a jet, which have an angular separation above a critical angle.
This is shown schematically in figure 1.9. A transverse resolution scale, A,,.4, which

is linked to the critical coherence angle, dictates the role of coherence effects.

A small value of A,,.4, leads to a greater resolving power in the QGP, meaning that
smaller substructures in the jet can interact independently with the medium. This
is known as incoherent interaction and leads to a larger degree of energy loss and a
change to the fragmentation pattern of the jet substructure, compared to vacuum.
If A,eq is larger than the transverse size of the jet, no substructure will be resolved
and the jet will interact with the medium as a single emitter (coherent interaction).
The emitted radiation will appear outside the jet cone, leading to a reduction of the

jet energy scale. However, the jet substructure will remain vacuum like.

The colour coherence model has been the focus of a substantial amount of recent
theoretical work. Not only are the mechanisms of the energy loss important in ascer-
taining the interactions between the jet and the medium, but the critical coherence
angle is also directly related to the QCD transport coefficient (§) [64] and can be
used to extract its value. Investigating the presence and role of colour coherence

effects on jet quenching, forms one of the motivations behind this analysis.

1.3 Jet Substructure

The study of jet substructure concerns itself with investigating the distribution of

constituents clustered into a jet. Observables known as jet shapes can be constructed
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(a) Unresolved substructure (b) Resolved substructure

Figure 1.9: Unresolved (a) and resolved (b) jet substructures are shown, which lead
to coherent and incoherent energy loss respectively. The resolving power of the
QGP is controlled by the transverse resolution scale, A,,cq, Whilst 7, represents the
diameter of the jet cone [62].

to measure different aspects of this fragmentation. By carefully defining jet shapes,
they can have a clean link to theoretical calculations and be made sensitive to
particular physical processes within the jet. Two jet shapes, measured for jets with
a small radius at the ALICE experiment [65], will be discussed below. These are
the angularity, g, and prD jet shapes. Before defining these shapes, the angular
coordinate system used in particle accelerators is shown in figure 1.10. The surface
of the detector volume can be unraveled onto an angular plane. The axes of this
plane are ¢ and 7, with the variable R measuring distances on this surface. This

distance R, between two points ¢ and 7, can be defined as,

R = \/(Qbi — ¢5)% + (i — ny)*. (1.5)

Angularity is defined as,
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Figure 1.10: The surface of the detector volume is unraveled onto the two-
dimensional plane of n — ¢. The pseudorapidity, n, is related to the polar angle, 6.
This is given by n = — Inftan(%)]. ¢ represents the azimuthal angle. Distances on
this plane are denoted by R.

Pr,i
g= & Rjet,ia (1-6)

jet
i T

where the index ¢ runs over all particles in the jet. Rj; measures the angular
distance between track ¢ and the jet axis and is defined in equation 1.5. Small
values of angularity represent jets where the bulk of the pr is situated close to the
core, whereas larger values indicate that the radiation is at large angles from the jet

axis.

The prD jet shape is defined as,

\/ le%“z (17)

prD = “————.
Zi Pri

Values of prD close to unity indicate that a few of the jet constituents carry most
of the pr. Values near zero represent jets where the pr is distributed between many
softer particles. In figure 1.11, comparison of the measured jet shapes (black squares)
to simulations (red circles and green open circles), which have been validated against
pp collisions, show a significant deviation due to quenching effects. Jets traversing

the medium are more collimated (smaller g) and exhibit a harder fragmentation
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(larger prD), compared to the vacuum case.

These results support the colour coherence model of energy loss [65]. In the case of
full coherence, where no substructure is resolved, the jet shapes in Pb-Pb collisions
are expected to remain vacuum like and only the jet energy scale is reduced. Monte-
Carlo (MC) simulations of the jet shapes in vacuum, using PYTHIA (see section 6.1),
show that both shapes shift to lower values with increasing p]; ' PYTHIA is a full
event generator which contains descriptions of the production and fragmentation of
the scattered partons, along with hadronisation models used to produce a final state.
The measurement of the prD jet shape in Pb-Pb collisions, shows that the shape is
shifted to larger values compared to simulations. This suggests that substructures
in the jet are resolved by the medium. The measurements place an upper limit
of 0.2 (the size of the jet radius) on the critical coherence angle. In this way, jet
shapes can elude to the finer mechanisms of the energy loss and provide access to

the fundamental properties of QCD.

1.3.1 Reclustering Jet Shapes

A new class of jet shapes, known as reclustering jet shapes, has recently emerged.
These jet shapes access the partonic splittings of the jet, through the jet’s recluster-
ing history (see section 2.1.2). The jet constituents are reclustered with a given jet
clustering algorithm and the reclustering history is unwound N —1 steps to obtain N
axes (subjets) in the jet, which are branches of the splittings. By carefully choosing
the reclustering algorithms, different scales of splittings can be accessed. Jet shapes
are defined with respect to the returned axes and can be sensitive to modifications
of the splittings induced by the QGP. Two reclustering jet shapes will form the
focus of this analysis, which are considered in the N = 2 case. In this configuration,

the reclustering history is unwound one step to obtain the last two axes that were
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Figure 1.11: The angularity (g) and prD jet shapes are measured in central Pb-Pb
collisions by the ALICE experiment. Both shapes show strong deviations due to
quenching effects, when compared to vacuum like simulations [65]

brought together.

1311 AR

The AR jet shape measures the angular distance in the n — ¢ plane, between the
two axes returned by the N = 2 reclustering case. This is equivalent to equation 1.5

and is given by,

AR = /(61 — $2)2 + (m — m2)2, (1.8)

where the indices 1 and 2 represent the returned axes. Particular reclustering algo-
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rithms can return the axes of the first and/or hardest splitting in the jet. A change
in the rate of jets with a large angular separation between these prongs (AR), points
to colour coherence effects in the medium. Colour coherence dictates that incoher-
ently (independently resolved by the medium) interacting jet substructures would
lose more energy in the QGP compared to coherently (unresolved) interacting ones.
Upon successful measurement of this shape, jet R44 measurements in differential
bins of AR can be used to determine the critical coherence angle. This is considered
to be beyond the statistical reach of the current data set. However, a successful
measurement of AR would lay the foundations for such an analysis to be carried

out in the upcoming high statistics LHC runs.

1.3.1.2 N-subjettiness

The N-subjettiness jet shape, 7y, measures the N-prongness of a jet’s substruc-
ture [66]. By unwinding the reclustering history N — 1 times, N axes are obtained.
The degree of alignment of jet constituents to these axes are then measured. This

is obtained via,

Zi pT,imin(ARi,l, ARLQ, ey AR@',N)
= jet
pr R

™ : (1.9)
where the index ¢ runs over each constituent in the jet and AR, ; is the n— ¢ distance
between track ¢ and the first returned axis. The denominator keeps 7 between zero
and one, with R being the jet radius. If all the high py radiation in the jet is well
aligned to the reclustered axes, v — 0, and the jet has N or fewer well defined
cores. In the limit that the jet has exactly N constituents (which is the minimum
number of constituents required for a 7n measurement), 7y = 0. However, if the

jet has at least N 4 1 cores, then some of the radiation will not be well aligned to
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the returned axes and 7y — 1. The ratio of 7 /7ny_; is sensitive to exactly N cores
in the jet, as this configuration makes the numerator small and the denominator
large. In this analysis, the value of 75/7; is measured, which is sensitive to the
two-prongness of jet substructure. Figure 1.12 shows the sensitivity of this variable
in tagging two-prong W-jets compared to single-core QCD jets. This observable can

successfully separate these jets based on their two-prong nature.
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Figure 1.12: Measurements of the 7;, 7o and 75 /7; jet shapes in simulated W-jets
(two-prong) and QCD jets (single-core). 7; and 75 do not show a large sensitivity

to the differences in the two-prong nature of the jets. Their ratio however, exhibits
good discrimination for two-prong jets [66].
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Semi-hard BDMPS gluon emissions, induced by the medium, change the probability
of two-prong jets in Pb-Pb collisions compared to pp [64]. In this way, quenching
modifications to the splitting functions can be measured. Theoretical predictions of
a change in the yield of two-prong jets, due to colour coherence effects in the QGP,
have also been made [64]. The predictions for both effects are shown in figure 1.13.
The 75 /7; jet shape, which is sensitive to the two-prongness of jet substructure, can

be used to test and measure both effects in heavy ion collisions.
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Figure 1.13: Theoretical predictions for the change in the probability of two-prong
jets in the QGP medium, compared to the vacuum, are shown as a function of p¥ b
Medium induced BDMPS gluon emissions are expected to add a semi-hard prong
to the jets, which increase the probability of two-prong substructure. Incoherent
radiation (extreme colour coherence where the critical coherence angle is very small),
where the medium resolves every constituent in the jet independently, leads to larger

energy loss and a significant reduction in the rate of two-prong jets [64].

1.4 Analysis Motivation

The analysis laid out in the rest of this work will concern itself with measuring the

AR and 7 /7; jet shapes in pp (section 4) and Pb-Pb (section 5) collisions. A variety
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of reclustering algorithms will be used (see section 2.1) which will probe both the
hard and soft scales of the splittings. The hard scale will focus on the hardest (and
sometimes first) splitting in the jet. The soft scale will be sensitive to emissions that

happen late in the evolution and fragmentation of the parton.

The jets will be measured with a large radius (R=0.4), as this captures more infor-
mation about the original scattered parton. However, this also incurs experimental
difficulties, particularly in Pb-Pb collisions, due to capturing more of the large heavy
ion background (see sections 2.2 and 2.3). These difficulties are further enhanced by
the relatively low pj;t’Ch (the superscript ch indicates that the jet is reconstructed
using only charged constituents) bin (40 < p’"“* < 60 GeV/c) in which the re-
sults are measured. Novel techniques, some of them applied for the very first time
experimentally, will be used to overcome these problems. In this way, this analy-
sis represents an exploratory effort which aims to identify and solve the difficulties

encountered in such analyses and pave the way for a fully fledged jet substructure

program at ALICE.

In pp collisions, the results will be used to test the fundamental understanding
of QCD processes and jet substructure in the vacuum, whilst also validating MC
simulations. This is crucial, as the pp and Pb-Pb data sets available for this work are
at different centre of mass energies and cannot be directly compared. Therefore, MC
models must be validated against vacuum measurements before being compared with
the Pb-Pb data. This analysis will also be the first instance in the field of heavy ions
where reclustering jet shapes are measured differentially for a range of reclustering
algorithms, which show the sensitivity of the algorithms to different processes in the
jet. This is of theoretical interest, particularly for the 75/7; jet shape [67]. The
measured jet shapes will be fully corrected for detector effects using an unfolding

procedure (see section 2.4).
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In Pb-Pb collisions, the jet shapes measured with the reclustering algorithms sen-
sitive to the hard scales will be used to measure changes to the splitting functions
induced by the medium. Hard (typically pr > 6 GeV/c) or semi-hard (typically
2 < pr < 6 GeV/c) induced gluon radiation will transform single-core jets into
two-prong objects, causing shifts in the AR and 75 /7; jet shapes. These jet shapes
should also be sensitive to colour coherence effects, which would suppress the two-
prong jet sample. However, QCD jets are predominantly single-core [68]. Therefore,
the measured data sample might not have the statistical reach to observe coherence

effects.

The large heavy ion background, induces experimental complications in measuring
and unfolding observables for low pj{ft’Ch jets with large radii, in Pb-Pb collisions. The
semi-inclusive hadron-jet coincidence technique [69] (see section 2.3) will be extended
for the first time to two dimensions, to obtain a measured sample which can be fully
unfolded for detector effects and fluctuations in the background. Using this method,
this analysis makes the first ever jet shape measurements for low pjTet’Ch jets with
large radii in Pb-Pb collisions. Many of the techniques and difficulties that were
encountered and overcome during the course of this work, have laid the foundation

for further reclustering jet substructure measurements which are currently ongoing

at ALICE.



CHAPTER 2

Analytical Tools

This chapter will detail the main analytical tools and methods used in this analysis.
Many of these techniques were developed recently and analyses like this are exploring
their capabilities and limitations in a variety of environments. In some cases, this
analysis extends these techniques to new systems and conditions for the first time.
Four methods will be described here, which include: The jet finding and reclustering
algorithms (section 2.1), the background subtraction techniques used in heavy ion
collisions to remove the event average background from the jets on an event-by-event
basis (section 2.2), the semi-inclusive hadron-jet recoil method used to remove com-
binatorial jets in Pb-Pb collisions from the measured sample (section 2.3) and the
two-dimensional Bayesian unfolding procedure used to simultaneously correct the
pj;t’Ch and jet shapes for detector effects and background fluctuations(section 2.4).

The jet finding techniques and background subtraction algorithms used in this anal-

27
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ysis are implemented by the FastJet software package [70].

2.1 Jet Finding Algorithms

Jet finding algorithms are the tool which allows for the reconstruction of the proper-
ties of the partons scattered in the early stages of collisions, from the experimentally
accessible final state hadrons. As such, they have been an integral part of all high
energy accelerator experiments since the 1970s [71]. With advances in theoretical
and experimental precision and the ever increasing complexity of the final state
events with every new generation of accelerators, jet finding algorithms have also
been continuously evolving. Some of the first jet finders needed to characterise the
number of jets in an event first, before attempting to find the jet axes [71]. A
more generalised approach was then sought, which gave rise to binary clustering
algorithms [72]. These algorithms merged the closest pairs of particles together into
clusters. This was repeated until pre-specified criteria were reached. More sophis-
ticated classes of algorithms soon followed, such as cone algorithms [73]. These
algorithms attempted to create regular shaped jets by placing a cone centered on
a seed axis (for example the particle with the highest pr), which would encompass
other particles inside its radius. The axis was varied in iterative steps, until a stable

axis was found. The particles encompassed within the final cone would form a jet.

Two of the most important qualities required of jet finding algorithms are collinear
and infrared safety [74]. Collinear safety defines the jet finder’s resilience to the
splitting of a hard particle. Since the main purpose of jet finding is to reconstruct
the initial parton’s characteristics, a subsequent splitting of this parton should not
change the final reconstructed jet. Infrared safety is a measure of the jet finding
algorithm’s resilience to soft radiation. Infrared safe algorithms are not influenced

by soft emissions from the parton. Infrared safety is important for theorists when
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making perturbative QCD calculations.

Many of the algorithm classes discussed have certain drawbacks which make them
unsuitable for use at the LHC, such as poor computational performance in the higher
multiplicity environments encountered at high energies. This lead to the adoption
of the newest class of jet finding algorithms, known as sequential recombination

algorithms.

2.1.1 Sequential Recombination Algorithms

Sequential recombination algorithms consider both the transverse momentum and
angular separation of particles when combining them. All sequential recombination
algorithms used at hadron colliders follow a similar methodology [74]. Two distance
measures [75], d;; and d;p are calculated for every particle. d;; is defined between

every particle pair, ¢ and j, as,

2

. R3;
dij = mzn(p%giap?ﬁj) R;’ (2.1)

where R;; is given by equation 1.5 and R is defined as the desired jet resolution
(radius). The exponent a controls the relative power of the energy versus geometrical
scales and is the separating factor for the different algorithms of this class. d;p is
the momentum space distance between the beam axes and particle ¢ and is defined

as

dip = pr;- (22)

Once the distance measures d;; and d;p have been calculated for all particles, they
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are sorted in increasing order and the smallest value is picked. If d;; is the minimum,
then particles ¢ and j are combined into one particle. There are multiple combination
schemes that can be used. This analysis will employ the E-scheme which replaces
particles i and j with a new particle with a four vector which is the sum of both
original particles’ four vectors. The new particle is added to the list of particles and
particles i and j are removed. All affected d;; and d;p values are recalculated with
the new particle. If d;p is the minimum, particle ¢ is labeled as a jet and is removed
from the list of particles. A minimum p7 threshold is often defined for these jets
to distinguish the jets of interest (originating form a hard scatter) from random
beam debris or underlying events which are also clustered by the algorithms. This
process is repeated until either all particles are part of a jet (inclusive clustering) or
until a predetermined number of jets have been found (exclusive clustering). Since
any collinearly split particles (R; ; is much smaller than R) will be recombined, this
algorithm class guarantees collinear safety. The three different cases of the sequential
reclustering algorithms will be discussed below. Figure 2.1 shows the clustering of
the same event using each algorithm and the sensitivity of the clustering and jet
areas to soft radiation. The discussion on this sensitivity for each algorithm will be

presented in the sections below.

2.1.1.1 kg Algorithm (a=1)

The k7 algorithm is the case of the sequential recombination algorithms where a =

1 [76]. As such, equation 2.1 can be written as

2

dij = min(pp, ;) 3 (2.3)

All d;; pairs for particles that are separated by distances smaller than R, will be
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sorted in increasing order of the pair’s lowest pr particle. This means that the kp
algorithm will begin by clustering soft particles first and only brings hard clusters
together in the final steps of its recombination. This results in irregularly shaped
jets, since soft particles were clustered together first. The k7 algorithm proves to be
IRC safe since adding a soft particle, k, in the limit that prj, — 0, does not affect

the transverse energy or angle of a sufficiently high pr jet [76].

2.1.1.2 Cambridge Aachen Algorithm (a=0)

The Cambridge-Aachen algorithm (C/A), is a special case of the sequential recom-
bination scheme class where a = 0 [77]. This removes any energy dependence on
the clustering and clusters based solely on the distance between particles, with d;;

reduced to

2
R ;

(2.4)
The closest particle pairs are combined first, until all clusters within a radius R have
been combined into a jet. This method also returns irregularly shapes jets since there
is no mechanism to govern smooth boundaries. The clustering of this algorithm
maintains angular ordering (in the vacuum), which is theoretically desirable. The

final steps of the algorithm bring together the largest splittings in a jet.

2.1.1.3 Anti-ky Algorithm (a=-1)

The anti-kp algorithm is an instance of the sequential recombination class where

a = —1 [75]. This means that equation 2.1 can be written as,
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1 1 R?.
di; = min(——, ——)—2.
! P vr, R

(2.5)

In this way, the negative exponent causes clustering to occur around a centered
hard particle, as the the lowest d;; values will be governed by the high pr particles
in an event. All particles in a radius smaller than R from the hard particle will be
clustered in the same jet. The larger d;; values between soft particles means that
they will cluster to a hard particle (if available within the given radius), long before
they cluster to each other. This results in regularly shaped jets, which are often

cone shaped. To illustrate this we consider the three following scenarios:

e In the first case there is one hard particle with no other hard particles within
a distance of 2R from it (this is the most probable scenario in vacuum). Clus-
tering will therefore be centered around the hard particle and a cone shaped

jet will form.

e In the second case there are two hard particles within a distance R of each
other. The two particles will be combined into the same jet. If pr; >> pro,
then clustering will occur around the first particle and a cone shaped jet will
form. If pr1 ~ pro, then the shape is more complicated as it is the union of
two cones (with radius smaller than R) centered on each hard particle; plus a

cone of radius R centered on the final jet.

e In the final case, the distance between the two hard particles, Aqp, is R <
A1y < 2R. Two jets will form, but they will not both be perfectly canonical.
If pr1 >> pra, then the first jet will be cone shaped whilst the second jet
will miss the area that overlaps with the first jet. If pr; ~ pr2, then neither
jet will be cone shaped and the overlapping part will be divided equally by a

straight line between them.
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The two important things to note in all the above cases are the predictability (and
most likely regularity) of the jet’s shape and the lack of influence of soft particles on
the shape of the jet or the jet’s clustering. This means that the anti-kr algorithm is

infrared safe and resilient to the presence of final state radiation and soft background.

(¢) Anti-kp

Figure 2.1: Jets clustered in identical events, using the three sequential recombina-
tion algorithms, are shown. The different colours distinguish between different jets.
The larger susceptibility of the kr and C/A algorithms to soft radiation is apparent
in the irregular shape of their jets. The canonical shape of the anti-k; jets shows the
algorithm’s resilience to soft radiation. These figures also show that the algorithms
will cluster all tracks into a jet, irrespective of their origin (soft or hard processes).
Therefore, a p)* threshold is needed to select jets that arise from hard scatters [74].
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2.1.2 Clustering and Reclustering

Jet finding algorithms are used in two key ways in this analysis. The first instance is
to use jet finders in their most traditional capacity, to cluster an event and identify
the jets arising from hard scatters. At the LHC, the anti-kr algorithm is the most
favoured algorithm for this task as it clusters jets around hard cores and is less sus-
ceptible to soft radiation and pile-up (multiple soft interactions per bunch crossing
that independently occur alongside a hard scatter [78]). The regular jet shapes are
favourable to both experimentalists and theorists, since they have well defined areas
which are used for calibration and calculations. The choice of jet area is important
to an analysis. A jet area should be large enough to capture as much information
about the fragmenting jet as possible, so as to build a complete reconstruction of
the initial scattered parton. However, the jet area should also be small enough to
minimise the effects of the underlying event and pile-up, which are clustered within
the jet cone. In this analysis a jet resolution of R = 0.4 is chosen, in line with
both of these requirements [79]. The kinematics of the final reconstructed parton
returned by the anti-kp algorithm, obtained by summing the four-momenta of all

the constituents of the jet, defines the jet axis.

The second instance of using jet finding algorithms in this analysis, is to recluster
the constituents in a jet. This is done to resolve its subjets and access the jet sub-
structure. In this case the jet finder works in an identical manner to the former
case, but is limited to the particles already clustered into the jet. Additionally, the
clustering history of the algorithm is retained. Once completed, the clustering steps
are reversed N — 1 times to obtain N subjets (axes) in exclusive mode. The choice
of reclustering algorithm is therefore dependent on the the physics aim of the anal-
ysis and the substructure observables in question. This analysis uses four different
reclustering algorithms in N = 1 (one subjet is found) and N = 2 (two subjets

are found) exclusive modes to measure the 72 /7, and AR jet shapes (section 1.3.1)



35 CHAPTER 2. ANALYTICAL TOOLS

and test different physical scales in the jet. These algorithms are detailed below.
The following discussions will pertain to jets found in a vacuum with no underlying

event.

2121 kr

The first reclustering algorithm used is the kr algorithm. For the case where N = 1,
the axis returned by the algorithm is the same as the original jet axis, since both
are just a linear sum of the four momenta of all constituents in the jet and therefore
independent of the order of recombination. In the N = 2 case, the final step of the
reclustering history brings together the two hardest structures in the jet, since the
k7 algorithm clusters soft particles first. Therefore, the two axes returned in this
case are the axes of hardest splitting in the jet. Hence, the kp algorithm is ideal
for probing the hard scale substructures in a jet. The AR and 75/7; jet shapes
constructed with this algorithm are sensitive to the axes of hardest splitting. This
can be used to test for hard and semi-hard QCD radiation in the jet. In contrast, the
anti-k7 algorithm, although ideal for finding jets in an event, would not be suitable to
this substructure analysis since the final reclustering step involves combining a soft
particle with the rest of the jet. The axes, obtained from unwinding the reclustering

history, would not be relevant to the required physics.

2122 C/A

The next reclustering algorithm chosen is the C/A algorithm. For the case where
N = 1, C/A returns the jet axis for the same reasons as discussed for the kp
algorithm. For the N = 2 case, the final step of the reclustering is to bring together
the furthest separated structures in the jet. Therefore, the axes obtained are the

axes of largest splitting. In this way, the C/A algorithm gives access to the angular
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ordered tree. However, this only holds for an idealised jet with no contribution from
other processes in the jet cone. In reality, the insensitivity of the C/A algorithm
to a constituent’s pr, means that the algorithm is highly susceptible to large angle
radiation in the jet cone. This can hide the true widest angle emission from the
scattered parton. Uncorrelated (not originating from the hard scattered parton)
particles at large angles from the jet axis are indistinguishable, to the reclustering
algorithm, from true large angle emissions from the scattered parton. As both sets
of radiation tend to be soft, they will be referred to collectively as soft splittings.
Therefore the C/A algorithm holds little physical value, other than a sensitivity to
soft radiation (which can still be of theoretical interest outside the scope of this
work). However, the next two algorithms considered in this analysis use and build
upon the C/A algorithm. Therefore, to understand and isolate the effects of their
added components, measurements of the jet shapes using the default C/A algorithm

must be made.

2.1.2.3 C/A with Minimisation

The first of the algorithms to build upon the C/A algorithm, introduces an additional
local minimisation step to the procedure [80]. In both the N = 1 and N = 2
cases, the axis(es) returned by the C/A algorithm is(are) taken as seeds for a local
minimisation of N-subjettiness. The axis(es) are varied until a local minimum of
N-subjettiness is found and the new axis(es) is(are) returned. This minimisation is
of both experimental and theoretical interest as it could serve to reduce the effects
of the underlying event, since this tends to increase N-subjettiness. It is expected
that the minimisation will have a larger effect in Pb-Pb compared to pp collisions,
since the higher multiplicities expected in the jet cone will lead to more possibilities

for a local minimisation.
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2.1.2.4 Soft Drop

The second algorithm to build upon the C/A algorithm is the soft drop jet groomer [81].
Jet groomers are tools used to remove constituents from a jet in order to highlight
and uncover substructures of interest. The soft drop groomer was designed to re-
move soft large angle radiation from within a jet cone and uncover a hard splitting.
It begins by reclustering the jet with a given reclustering algorithm, in this case
C/A. It then unwinds the reclustering history one step backwards to find the two
final clusters in the jet that were brought together. These clusters, a and b, are then

tested against the soft drop condition given by,

ARy
R

mm(pT,m pT,b)
|pr.a| + D70

> Zeut( )5a (2.6)
where z.,; is the soft drop threshold, 8 is an angular exponent, R is the jet resolution
and AR, is equivalent to R;; given by equation 1.5. If the soft drop condition is
satisfied, the jet composed of the two subjets, a and b, is labelled as the final soft
dropped jet and is returned by the groomer. However, if the condition is not satisfied,
then the cluster with the lowest pr is removed and the the reclustering history of the
remaining subjet is unwound one step backwards and the two resulting clusters are
tested against the soft drop condition. This process is iterated until the condition is
satisfied or only one single track remains. If the soft drop condition is satisfied, the
jet composed of the two clusters passing the soft drop condition is returned. This
jet is then reclustered with the C/A algorithm. In the case of N = 2, this returns

the same axes as those of the two subjets which passed the soft drop condition.

The 2., and § parameters control the grooming procedure and determine the type
and extent of the groomed radiation. Given that the z., value is not large, for

values of # > 0 soft large angle emissions are removed whilst collinear emissions
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are maintained. The amount of soft-collinear emissions groomed away from the jet
increases as § — 0. At the limit of 8 = 0, all large angle and collinear soft radiation
is removed from the jet. For values of 5 < 0, soft drop effectively places cuts on the
relative pr of hard structures in the jet. Figure 2.2 illustrates these effects in each
emission region for varying values of 3. Since soft drop grooms away soft radiation
from the jet, this reclustering algorithm will be used to uncover hard splittings in
the jet and test for changes to the N-pronged substructure of jets. It is ideal to
remove both large angle and collinear soft radiation from the jet, in order to obtain
a cleaner picture of the hard splittings. In addition to this, since the background
from the heavy ion environment in Pb-Pb collisions is expected to be uncorrelated
to the jet (and soft), removing both the large angle and collinear soft radiation from
the jet can minimise the effects of this background. This points to values of 5 < 0
as being appropriate for this analysis. However, care must be taken in the measured
sample so as not to bias the hard splittings themselves. Therefore, negative values
of  are also ruled out. For these reasons, the value of 5 = 0 is selected for the soft

drop procedure used in this work. This reduces equation 2.6 to

mm(mePTb)
: "L > Zewt- 2.7
|p1.a| + |P7 0] cut (2.7)

When soft drop is used with § = 0, the value of z.,; determines the minimum
momentum fraction required of the softer cluster in order for it to pass the soft
drop condition. Low values of 2., will allow soft clusters to satisfy the grooming
conditions and remain in the jet, whilst high 2., values will only keep the hardest
splittings. Therefore a balance must be reached to remove soft background without
biasing and removing any true hard or semi-hard splittings. To this end, the value
of z.,s = 0.1 is chosen for this analysis. This has the advantage of satisfying the

above requirements, whilst also being one of the favoured values used by theorists
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Figure 2.2: The effect of the soft drop grooming procedure is shown for different
emission regions in the (log %, log %) plane. This plane is obtained in the soft limit,
i

where the soft drop criteria in equation 2.6 is reduced to z > zcut(R—D)B = log% <

min(prorry) g ig equivalent to ARy, and

PT,atPT,b
Ry is the jet radius. This formalisation in terms of logarithms allows for the g limits

to be drawn as straight lines. For each limit, everything above the dashed line is
groomed away by soft drop, as illustrated for the case of § > 0. It can be seen that
values of § > 0 groom away soft radiation. Soft collinear radiation is removed in
increasing amounts as # — 0 and completely at 5 = 0. For § < 0, soft drop begins
regulating the pr of hard substructures [81].

log -1— + Blog f. Here z is equivalent to

in their calculations [81].

Once the soft large angle and collinear radiation has been removed from the jet,
a hard splitting is uncovered. Due to the nature of the C/A reclustering, this
is also the splitting with the largest angle in the jet. Therefore, the soft drop
algorithm using C/A reclustering with parameters z.,;, = 0.1 and § = 0, maintains
angular ordering whilst uncovering a hard splitting in the jet’s substructure. This
algorithm is ideal in testing for changes to the N-pronged nature of jets due to hard
and semi-hard emissions. Not only is soft drop an experimentally valuable tool,
but it also has desirable properties for theorists. The soft drop groomer removes

non-global logarithms that are a significant obstruction to the resummation of jet
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observables [82]. Groomed jets are also less sensitive to hadronisation effects. For
these reasons, the soft drop grooming tool is becoming one of the most widely used
algorithms in all aspects of the jet substructure field and this analysis will be one

of the first experimental analyses to employ and test it in Pb-Pb collisions.

2.1.3 Reclustering Algorithms with Different Jet Topologies

A conceptual expectation of the behaviour of the AR and 74/7; jet shapes will be
discussed here for two jet topologies. The first are single-core jets, where most of
the pJ; " is concentrated within a central cluster. The second are two-core jets, where
the pjT6 " is divided (not necessarily equally) between two distinct hard substructures
in the jet cone. In both cases, there will be some soft radiation at large angles from
the jet axis within the cone. This radiation will tend to be near the boundaries of
the jet radius, since the concentric area is larger at larger radii and therefore has a

higher probability of containing an uncorrelated particle.

Each topology will be considered in two different environments. First is the vacuum
encountered in pp collisions, where soft radiation uncorrelated to the hard scatter is
largely absent. Next is the heavy ion environment encountered in Pb-Pb collisions,
where there is a considerable amount of uncorrelated background within the jet
cone. The latter case will be considered assuming that a background subtraction
procedure (see section 2.2) has been applied to remove the average background from
the jet. However, fluctuations in the background and inefficiencies in the subtraction
techniques can cause a significant amount of background to remain within the jet
cone. The desired result (for the kr and soft drop with C/A algorithms) would be to
demonstrate that the 75 /7; value is high for single-core jets and low for two-prong
jets, regardless of the environment considered. This would show that the jet shape

is sensitive to hard substructures within the jet but resilient to soft contamination.
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Ideally, the axes returned by these two algorithms (AR) would pick out the hard

substructures in the jet.

2.1.3.1 Single-core Jets - Vacuum

For this case we will consider jets with a strong single-core structure, with very few
soft tracks at large angles. A schematic example is shown in figure 2.3. For the case
of N =1, the axes returned by all four algorithms should be situated in the jet core.
A low 7; value is expected, since the high pr constituents of the jet will also be in
the core and therefore close to this axis. This is shown in figure 2.4 for the different
algorithms. The soft drop algorithm removes large angle soft radiation from the jet.

Note that the k7 and C/A algorithms return identical axes (the jet axis) for N = 1.

For the N = 2 case, the axes returned will be highly dependent on the reclustering
algorithm used. The kr algorithm will cluster soft particles first and will bring
together the two hardest structures in the jet in the last step. Therefore, the axes
obtained by unwinding the reclustering algorithm one step backwards (AR) will
be the axes of hardest splitting. These will be close to each other inside the jet
core. The 75 value will be small, since the hard constituents are close to the two
axes in the core. Therefore the 75 /7; value will be large (since both 7, and 7; are
small), which is expected for single-core jets when using this algorithm. A schematic

representation is shown in figure 2.5.

For the N = 2 case with the C/A algorithm, the reclustering will be sensitive to
the (mostly soft) large angle radiation in the jet cone, since the algorithm has no pr
dependence in its clustering and clusters solely based on the distance between con-
stituents. The last step in the reclustering will bring together the furthest separated
clusters in the jet. These will be the jet core and the furthest large angle radiation

or cluster from the core. The AR shape will therefore tend towards the jet radius,
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(a) Ungroomed jet (b) Jet groomed with soft drop

Figure 2.3: Example of a single-core jet in vacuum. The red arrows represent the
jet constituents. Most of the p{ﬁ " is concentrated in the core of the jet with a soft
track appearing at a large angle away from the core. For the case of the groomed
jet, soft drop removes the large angle soft radiation.
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(a) kr and C/A algorithms (b) Soft drop with C/A

Figure 2.4: The axis (solid blue) returned in the N = 1 case for the different
reclustering algorithms is shown. The reclustering has been performed on the jets
in figure 2.3. The axis is within the jet core for all agorithms. Constituents clustered
in the same subjet appear in the corresponding transparent colour.

depending on how far from the core the furthest cluster happens to be. A schematic
is shown in figure 2.6. However the 7, value will be small, since all the high pp
tracks will be close to the axis remaining in the core. In fact, the change between 7,

and 7; is expected to be smaller here than in the kr algorithm, since in the latter
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Figure 2.5: The axes (blue and green) returned in the N = 2 case for the kp
reclustering algorithm are shown. The reclustering has been performed on the jet
in figure 2.3a. Both axes remain inside the jet core. Constituents clustered in the
same subjet appear in the corresponding transparent colour.

case the extra axis in the core would slightly reduce the 7, variable compared to 7;.

Hence, an even larger 7o /7; value is expected for the C/A algorithm compared to

kr.
A
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Figure 2.6: The axes (blue and green) returned in the N = 2 case for the C/A
reclustering algorithm are shown. The reclustering has been performed on the jet
in figure 2.3a. One axis remains in the core whilst the other axis is pulled to
the large angle radiation. Constituents clustered in the same subjet appear in the
corresponding transparent colour.

In the vacuum case where the constituents are few, the minimisation procedure is

not expected to have a large effect on the axes obtained. Therefore, the AR and
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7o /7; jet shape are not expected to change significantly with respect to the C/A case.
Only very small shifts to lower values are anticipated due to the minimisation. For
this reason, this algorithm is not included in the schematic representations shown

in this section.

The soft drop procedure is expected to have a significant effect on the results of the
C/A reclustering. With a z., = 0.1, any large angle structure not exceeding 10%
of the péft will be removed. For the suitably high pZFt used in this analysis, this
means that in most cases the large angle soft tracks are removed by the grooming
procedure. This can be seen in figure 2.3. Therefore for the N = 2 case, both of
the reclustered axes returned by C/A will be in the jet core as shown in figure 2.7.
This results in small AR and 75 values. Therefore, the 75/7; value will be similar

to that of the kr algorithm.

A

Pr A

>
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Figure 2.7: The axes (blue and green) returned in the N = 2 case for the soft drop
with C/A reclustering algorithm are shown. The reclustering has been performed
on the jet in figure 2.3b. Removal of large angle radiation causes both axes to
remain in the core. Tracks clustered in the same subjet appear in the corresponding
transparent colour.

In vacuum conditions, the AR (the reclusterd axes) variable can change significantly
depending on the reclustering algorithm used. Despite this, the 75 /7; value should
remain large for all single-core jets. This holds true for all the algorithms considered

here. This is expected for single-core jets, as a large 7o /7; value represents a jet
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that is not two-prong. The AR variable should pick out the hard structures in the

jet when the k7 and soft drop with C/A algorithms are used.

2.1.3.2 Single-core Jets - Heavy lon Environment

Heavy ion collisions produce large levels of uncorrelated background which are clus-
tered into the jet cone. Background subtraction algorithms are used to remove
the event average background contribution from both the pjfet and the jet shape.
The main background subtraction technique used in this analysis, constituent sub-
traction (section 2.2.2), corrects the jet at the constituent level by removing and
modifying particles within the jet. However, local fluctuations in the background
and inefficiencies in the subtraction techniques means that there is often a significant
amount of background still present in the jet after subtraction. Therefore for the

purpose of this discussion, we will assume the presence of a non-negligible amount

of soft background in the jet cone, smearing the “true” jet signal.

For the case of N = 1, the axis returned by the jet finder is not expected to change
much compared to the vacuum case since the background is, to a good approxi-
mation, homogenous around the jet core. However, since there is a non negligible
amount of pr uncorrelated to the core, the 7; values should be larger for each algo-
rithm. This can be understood as the background smearing the strong single-core
nature of the jet’s substructure. For the case of the soft drop algorithm, the groom-
ing procedure will remove some of this soft large angle background. The extent
of the grooming will determine by how much the 7; value is lowered. The axis is
not expected to be modified due to the grooming, since the grooming will remove

radiation in a homogeneous manner around the core.

As in the vacuum, the behaviour of the N = 2 case varies with the reclustering

algorithm used. For the kr algorithm, the results are highly dependent on the
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performance of the background subtraction technique and the presence of local fluc-
tuations in the background, which can vary on a jet-by-jet basis. If the subtraction
manages to remove most of the uncorrelated background from the jet, then a simi-
lar picture to the vacuum case as shown in figure 2.5 occurs. In this case, the soft
structures are clustered first and the final step of the algorithm is to bring together
the hard structures in the jet. The axes will remain in the core (small AR). The
value of 7, will still be higher than the vacuum case, due to the residual background
which is uncorrelated to these axes. However, it will be similar in value to 7; since
in both cases the axes remain in the core. Therefore the 75 /7; value will be large,

as expected for single-core jets.

In some cases, the remaining background in the jet can be large enough and far
enough away from the core, that even though the soft particles will be clustered
together first, the soft cluster that is formed is not immediately combined with a
hard cluster in the core. In this scenario, the soft cluster can remain independent
whilst the jet core is clustered and these two substructures are only brought together
in the final step of the reclustering. When the clustering history is unwound one
step, the second axis is placed in the soft substructure, resulting in a large value of
AR. The value of 7, will still be larger than in the vacuum case, due the background
uncorrelated to either the core or soft axis. Since one axis is placed in a soft cluster,
the contribution of these particular soft constituents to 75, will be small. However,
since these particles are soft, their individual contributions to the 7; variable were
small as well. Therefore, their lower contribution to 7, does not cause a large change
between 7; and 7. In this way, the value of 75 /7; is not modified much, even though
the axes (AR) have been. In effect, the 75 /7; obtained with the kr algorithm shows
resilience to soft substructures in the jet. This is ideal for this analysis, since the
purpose of the 75 /7; jet shape measured with the k7 algorithm is to be sensitive to

hard and semi-hard radiation only.
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For the C/A reclustering algorithm in the N = 2 case, the last step of the reclustering
will bring together the furthest separated structures in the jet. These will include
the core and the furthest soft structure from the core. The much greater presence of
uncorrelated background in the jet cone, compared to the vacuum case, means that
the probability of finding radiation at larger angles (approaching the jet radius)
increases. The AR value should therefore have a higher peak at the jet radius.
Similar to the case for the kr algorithm, where one of the axes was moved to a
soft cluster, despite the large change in AR the 75 jet shape shouldn’t change much

relative to 7;. The value of 75 /7; should be high and similar to the vacuum case.

The minimisation procedure using the C/A axis is expected to have a larger impact
than in vacuum, due to the higher number of constituents present in the jet. The
extent of this impact will become apparent through measurement of the variables

and will depend on the distribution of background within the jet.

The soft drop groomer will act to remove the soft large angle radiation which remains
post subtraction. The axes returned by the algorithm in the N = 2 case are highly
dependent on the success of the background subtraction and grooming components
in removing the soft radiation. If enough soft radiation is removed to uncover the
jet core as the furthest separated structure, then the axes returned will be in the
core with a small AR value. The 7, jet shape will have a low value, similar to the
vacuum case. Since the 7; value for this well groomed jet would also be low, the
T2 /7, shape will be large. However, for the cases where an uncorrelated substructure
makes up at least 10% of the final pJTEt (i.e the pr of the substructure is higher than
the zw.:), the grooming procedure is halted and one of the axes returned will be
placed in this substructure, whilst the other remains in the core. This has a similar
effect to the kr case where one axes was placed in the soft radiation. The AR value
will increase, but there will be little relative change between the 7, and 7, values

since the contribution from the soft constituents to 7; is small. Both values will be
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slightly larger compared to the vacuum case and the 75 /7; value will remain large

too.

In the presence of the heavy ion background, the value of the AR variable is highly
dependent on both the reclustering algorithm and the amount of background re-
moved by the subtraction techniques. Even in the cases of the ky and soft drop
with C/A algorithms, one of the axes could be drawn to a soft substructure in the
jet if a significant portion of background remains in the jet post subtraction. How-
ever, the 75 /7; jet shape obtained for all algorithms, shows a resilience to the soft
substructures present in the jet. It remains large for single-core jets, regardless of

the soft background contribution.

2.1.3.3 Two-core Jets - Vacuum

For this case, the considered jets will have two distinct substructures. These are
sufficiently separated from each other and each carry a significant fraction of the
overall pjTe ' There will also be a few soft particles at large angles, from the jet axis,
within the jet cone. This topology is shown schematically in figure 2.8, both with

and without the soft drop groomer having been applied to the jet.

For the N =1 case, the axis returned by all four algorithms will be similar and will
be close to the jet axis. In the case of the k7 and C/A algorithms, the axis will be
identical. The minimisation procedure is expected to induce a slight shift towards
the substructure with higher pr. The soft drop algorithm will remove soft tracks or
clusters at large angles from the two cores. However, this should have minimal effect
on the returned axis due to the soft nature of the particles removed. Figure 2.9 shows
the axis returned for the k7, C/A and soft drop with C/A algorithms. The amount
of radiation removed by the soft drop algorithm with C/A reclustering, is inversely

proportional to the angular separation of the two hard prongs of the jet. The larger
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(a) Ungroomed jet (b) Jet groomed with soft drop

Figure 2.8: Example of a two-prong jet in vacuum. The red arrows represent the jet
constituents. Most of the p is concentrated in two distinct substructures in the
jet with a soft track appearing at a large angle away from the jet axis. For the case
of the groomed jet, soft drop removes the large angle soft radiation.

this separation, the more likely it is that the soft track will cluster together with one
of the hard prongs first, before the prongs cluster together. In this case, the final
step of the reclustering would bring the hard cores of the jet together, both of which
will pass the soft drop criteria. In this scenario, the soft track will not be groomed
away from the jet. However, the separation between the two prongs of the jet can
be small enough that the prongs are clustered together before being clustered to the
soft track. In this case, the soft track is groomed away from the jet. Given the axis
(close to the jet axis) returned by the N = 1 case, each hard core in the jet will
be at a large distance to this axis. The 7; value will therefore be large across all

algorithms.

The axes returned for the N = 2 case are strongly dependent on the reclustering al-
gorithm used. For the kr algorithm, the soft structures in the jet would be clustered
together first and the final step would bring together the two hard prongs. The axes
returned would lie in each of the two prongs, meaning that the AR jet shape would

be sensitive to the hard substructures in the jet. Since the hard clusters are both
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Figure 2.9: The axis (solid blue) returned in the N = 1 case for the different
reclustering algorithms is shown. The reclustering has been performed on the jets
in figure 2.8. The axis lies close to or on the jet axis for all algorithms. Constituents
clustered in the same subjet appear in the corresponding transparent colour.

very close to one of the returned axes, the 7, variable will be small. Therefore the

7o /7; jet shape will be small (high 7; and low 75), which is expected for two-prong

jets. A schematic of this situation is shown in figure 2.10.
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Figure 2.10: The axes (blue and green) returned in the N = 2 case for the kr
reclustering algorithm are shown. The reclustering has been performed on the jet in
figure 2.8a. Each axis is placed within one of the hard prongs of the jet. Constituents
clustered in the same subjet appear in the corresponding transparent colour.

For the C/A algorithm, the axes returned by the N = 2 case can be sensitive to both

soft and hard structures in the jet. Similar to the soft drop grooming procedure, the
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sensitivity of the C/A algorithm depends on the angular distance between the soft
substructures and the prongs in the jet (which decreases with increasing distance
between the prongs). Figure 2.11a shows the case where the hard prongs of the
jet are closer to each other, than to the soft track in the jet. The final step of
the reclustering will combine the soft track with the cluster comprised of the two
prongs. Hence the axes returned (AR) will be sensitive to the soft substructure and
7o will be large. This leads to a 75 /7; value which is also large, showing that the
algorithm is not sensitive to the hard substructures in the jet. However, figure 2.11b
shows the case where the angular separation of the hard prongs is larger than the
separation of the soft track to its nearest prong. In this case, the C/A algorithm
will combine the soft tack with the nearest prong first (since they are closer), before
bringing together the two hard prongs in the final step of the reclustering. In this
case, the returned axes (AR) are strongly correlated to the two hard prongs and
7o will be small. This leads to a low 7/7; value, showing that the algorithm can
also be sensitive to the hard prongs in the jet. Therefore, the required separation
between the two prongs, in the determination of single or two-core jets, determines
the sensitivity of this algorithm to hard or soft substructures for this configuration

of jets.

The minimisation procedure for N = 2, is not expected to significantly modify the
axes returned by the C/A algorithm in vacuum. Therefore, the AR and 75/7; jet

shapes follow the same arguments as the C/A case.

For the soft drop case using C/A relustering, the axes returned by the N = 2 mode
should be sensitive to the two hard prongs of the jet. Any soft tracks appearing
at large enough angles, where they would have remained independent and would
only have been combined with the two prongs in the last reclustering step, will be
removed by the soft drop groomer. Therefore, the final reclustering step will bring

together the hard prongs of the jet and the axes (AR) will each fall in one of these
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(a) Larger angular separation between the (b) Larger angular separation between the
soft track and its nearest prong, than be- two hard prongs, than between the soft track
tween the two hard prongs. and its nearest prong.

Figure 2.11: The axes (blue and green) returned in the N = 2 case for the C/A
reclustering algorithm are shown. In (a) the reclustering has been performed on
the jet in figure 2.8a, whilst in (b) the soft track appears closer to the two prongs.
Constituents clustered in the same subjet appear in the corresponding transparent
colour.

hard cores. Since each of the hard substructures of the jet are strongly correlated
to one of the axes, the value of 7, and hence 75 /7; will be low. Therefore, the soft
drop with C/A algorithm is sensitive to two-prong jets. A schematic depicting this

situation is shown in figure 2.12.

In vacuum conditions, the kr and soft drop with C/A algorithms are sensitive to
the hard cores in two-prong jets. The sensitivity of the C/A algorithm (with and
without minimisation) to the hard substructures in two-prong jets, is dependent on

the angular separation of the hard and soft substructures in the jet.

2.1.3.4 Two-core Jets - Heavy lon Environment

The presence of the heavy ion environment adds a non negligible amount of back-
ground to the jet, which can still partially remain in the cone after subtraction. For

the case of N = 1, the axis returned by all reclustering algorithms is not expected to
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Figure 2.12: The axes (blue and green) returned in the N = 2 case for the soft drop
with C/A reclustering algorithm are shown. The reclustering has been performed
on the jet in figure 2.8b. Each axis is placed within one of the hard prongs of the
jet. Tracks clustered in the same subjet appear in the corresponding transparent
colour.

change much compared to the vacuum case, since the background is homogeneous in
nature. The axis will be close to the jet axis. However, the value of 7; will increase
due to the large amount of py uncorrelated to the returned axis. As with the case of
single-core jets, the minimisation and soft drop algorithms can slightly reduce this

T4 value.

For the N = 2 case, the axes returned are dependent on the reclustering algorithm
and the interplay between the angular separation and/or pr of the soft clusters and
hard prongs of the jet. For the kp algorithm, the soft background constituents will
be clustered together first and are expected to then cluster with one of the hard
prongs of the jet before the hard prongs are clustered together in the final step.
Both axes (AR) would appear correlated to the hard substructures of the jet. In
this case, 75 would be small, since the bulk of the p{re " is correlated to the axes. This
leads to a low 72 /7; value, as expected for two-prong jets. This is expected to be the
most common outcome for two-prong jets in the presence of background. However,
one can also imagine a case where the soft tracks form clusters with sufficiently high

pr and separation from the hard cores, that they are not clustered to one of the
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prongs before the prongs are clustered to each other. In this case, one axis will be
placed in the soft structure and one axis will be situated near the jet axis (since
this cluster contains the two prongs). Therefore, AR would not be sensitive to the
hard substructures of the jet and 7, will be large, leading to a large 75 /7; value.
However, this scenario is expected to be rare and to not contribute much to the

measured distributions.

The C/A algorithm with N = 2, follows the same arguments as in the vacuum
case for two-core jets. The outcome is highly dependent on the angular distance
between soft background tracks and their nearest hard prong, compared to the
angular distance between the two prongs themselves. If the former is larger than
the latter, then the last step would cluster the soft track with a cluster comprised
of the two prongs. AR would sensitive to the soft substructure of the jet and the
7o and T2 /7; values would both be large. If the opposite occurs and the latter is
larger than the former, then the soft tracks are clustered to their nearest prong first
and the last clustering step would bring together the two hard prongs. AR would
follow the hard substructures and 75 and 72 /7; would both be low. In the presence
of the heavy ion background, the increased multiplicity of soft tracks increases the
frequency of the first scenario (one axis placed in the soft cluster) relative to the

vacuum case. The extent of this increase will be determined experimentally.

The minimisation procedure is expected to have a larger effect in the high multi-
plicity environment of heavy ion collisions (compared to vacuum) and could serve
to reduce the N-subjettiness jet shapes. This will in turn move AR towards the
hard substructures of the jet. However, the extent of this change is dependent on
the distribution of the background and will be determined experimentally through

this analysis.

The soft drop grooming algorithm will remove soft large angle tracks from the jet
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cone, greatly reducing the effect of the soft background on the C/A reclustering. If
no soft clusters appear at angular distances (relative to their nearest hard prong)
larger than the separation between the two hard prongs, then the axes returned
(AR) will be correlated to the hard prongs. 7, and 75 /7; will both be small. If any
soft clusters appear with an angular distance to their nearest prong which is greater
than the angular distance between the prongs themselves, they will be clustered to
the hard prongs in the last step of the reclustering. In most cases, the soft drop
algorithm will remove such a soft cluster. This would lead to the hard prongs being
the furthest separated clusters in the jet. They would then be picked out by the
C/A reclustering. However, in some cases the soft cluster might carry at least 10%

jet
of the pi.

In this case, the soft cluster is not removed by the groomer and one
of the axes is pulled towards the soft cluster. This results in a large AR. Since
the other axis is placed in the cluster containing the two hard prongs, it will be in
a similar position to the jet axis. This will result in large values of 75 and 74 /7;.
However, the soft drop algorithm ensures that this eventuality is greatly suppressed

compared to the case where C/A is used without any soft drop grooming applied a

priori.

In the presence of the heavy ion background, the value of the AR variable is expected
to be highly dependent on the reclustering algorithm used. The degree of background
remaining after the subtraction procedures, together with its angular distribution,
also play a large role in the determination of AR. For the majority of two-prong
jets, the kr and soft drop with C/A algorithms are both expected to still be sensitive
to the hard substructures in the jet. The C/A reclustering algorithm is sensitive
to the angular distribution of soft constituents in the jet, which will determine the
sensitivity of the axes returned to the hard prongs. A data driven approach will be
employed to evaluate the effect of the minimisation procedure as it is dependent on

the exact nature of the remaining soft radiation in the jet cone.



2.2. BACKGROUND SUBTRACTION TECHNIQUES 56

2.2 Background Subtraction Techniques

Due to the large number of binary nucleon-nucleon collisions occurring in central
Pb-Pb collisions [83], there is a large multiplicity of particles, originating from soft
processes, in the event [84]. These particles are collectively known as the heavy ion
background and are uncorrelated to the hard production processes that give rise to
jets. However, they are clustered in the jet cone by the jet finding algorithms which
leads to a smearing of the jet signal. Figures 2.13a and 2.13b show the measured
charged particle multiplicities per unit of pseudorapidity, in pp and Pb-Pb collisions
respectively. The 0 — 10% most central Pb-Pb events have approximately 300 times
more charged particles per unit of pseudorapidity than pp events. In this analysis,
all particles above 150 MeV /¢ are accepted, in order to maximise the information
from the hard scatter clustered into the jet cone. However, as shown in figure 2.14,
such a low constituent cut-off captures a vast amount of the heavy ion background
as well. The average pr contribution per unit area (for a more detailed description
of this variable, see section 2.2.1), in the 0 — 10% most central Pb-Pb collisions, is
138.32+£0.02 GeV/c [87]. This distribution has a standard deviation of 18.51+0.01
GeV/c¢, showing that fluctuations in this value can be large. For the low p@et’Ch
values used in this analysis (40 < pl*”" < 60 GeV/¢), the amount of background
pr present in the jet is often larger than the signal arising from the hard process.

This background must be removed from the jet in order to uncover this underlying

signal.

This analysis uses three main background subtraction techniques in Pb-Pb colli-
sions. These are the area-based subtraction [88], constituent subtraction [89] and
derivatives subtraction [90] techniques. These techniques were initially developed
to remove pile-up from pp collisions. They have since been extended to remove the

heavy ion background in Pb-Pb collisions as well. These algorithms can be applied to
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Figure 2.13: The charged particle multiplicity per unit of pseudorapidity distribu-
tions, measured at the ALICE experiment, are shown for pp and Pb-Pb collisions
(for different centralities).
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Figure 2.14: The charged particle background pr density per unit area, p, as a
function of the (uncorrected) event multiplicity is shown for Pb-Pb collisions (|n| <
0.9). On each axis, the section pertaining to the 0 — 10% most central events is
highlighted [87].
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clustered jets and are not dependent on the jet finding algorithms used. Constituent
subtraction is the default subtraction mechanism in this work, with derivative sub-
traction (at second order) used to provide a systematic cross-check. The area-based
subtraction does not correct the measured jet shapes. It only corrects the energy
scale of the jet. Therefore, it will be used to highlight the effects of the unsubtracted
heavy ion background on jet shapes, whilst providing the opportunity to compare
these shapes at the correct energy scale. To this end, the jet sample measured using
this subtraction technique will often be labeled as “no subtraction”. These tech-
niques all remove the event average background from the jet. Local fluctuations in

the background are corrected for via the unfolding procedure (see section 2.4).

2.2.1 Area-Based Subtraction

The area-based subtraction technique is used to remove the event average back-
ground contribution from the pgﬁ ", The calculation relies on two ingredients. The
jet area, A7° and the pr density per unit area of the background, p. For most jet
algorithms, due to the irregularity of the shape of the jets, the area of a jet cannot be
trivially calculated. The approach taken to determine A7¢, is to populate the event
uniformly with ghost particles. Ghosts are particles with zero (or extremely low)
pr, which are artificially added to an event. The number of ghosts added within a
given area (density of ghosts) determines the area of each ghost (%) The event
is then clustered with the desired jet algorithm. Since the ghost particles have no
(or very little) pr, their presence does not alter the jets returned by the jet finder.
Once clustered into a jet, the number of ghost particles present in a jet is used to

determine the area of that jet (since the area of each ghost is known). In this way,

the calculation of the jet area requires no prior knowledge of the shape of the jet.

To determine p, the event is clustered using the k7 algorithm. A smaller jet radius
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(R = 0.2 in this work) than the radius used for the actual jet finding is selected. The
k7 algorithm has the tendency to cluster the soft background of the event, without
the need for hard structures. Therefore, by using the kr algorithm with a small
radius, the event will be clustered into mostly soft jets with areas ~ wR%. p can

then be calculated via,

T,
p= median[{p J H, (2.8)
A;
where the index j runs over the jets clustered with the kr algorithm. Using the
median value minimises the contribution of jets originating from a hard scatter to

the calculation of the average background density.

Once A’? and p have been determined, the corrected pjfe b Te gub, can be obtained

by using

Pisuy = Pr — (pAT). (2.9)

In this way, the event average background contribution to the energy scale of the
jet is removed. However, no correction has been applied to the jet’s substructure.
Figure 2.15 shows the effect of this background subtraction technique on the pg" !
spectrum in Pb-Pb collisions (black). Comparisons to pp (green) and unsubtracted
Pb-Pb (blue) are also shown. The uncorrected p}" distribution in Pb-Pb experiences
a very large shift towards higher values, compared to pp collisions. This is due to
the presence of the heavy ion background. Subtracted jets appearing at negative pjfe !
values were clustered with a pJ* lower than pA7° (these are explained in more detail
in section 2.3.1). The area-based subtraction mechanism corrects the p7Te * reasonably

accurately for p¥ "> 20 GeV/c. The discrepancies at lower values are due to the
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larger effect of background fluctuations at these pJT6 ! since the subtraction technique

only removes the event average background contribution and does not correct for

local fluctuations.
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Figure 2.15: The effect of the area-based subtraction procedure on the p]; " distribu-
tions is shown for Pb-Pb collisions. Uncorrected pl* * distributions for pp and Pb-Pb

collisions are shown for comparison [88].

2.2.2 Constituent Subtraction

The constituent subtraction technique can be considered an extension to the area-

based method. However, in this technique jets are corrected at the constituent level

by removing and modifying the particles clustered in the jet. The first step of the

algorithm is to determine p using equation 2.8. An additional variable, p,,, is also

calculated by substituting mass, m, for py in equation 2.8. This allows for the

simultaneous correction of both the pr and mass of the jet constituents. For the

remainder of this discussion, corrections to the mass will not be discussed. However,

the steps for the mass correction are identical to the py correction with only the

variables interchanged.
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The next step adds ghosts to the event. The jets are reclustered, incorporating the
ghosts in to themselves. The ghosts are then assigned a transverse momentum, pr g,

given by,

prg = Agp, (2.10)

where A, is the area of each ghost particle. p is independently calculated for each
event. A distance measure between each particle-ghost (i,g) pair inside the jet,

AR;g, is then defined such that,

ARy = P%i\/(cbi — ¢g)? + (i — 1mg)> (2.11)

These distance measures are then sorted in increasing order for each jet. The algo-
rithm then begins an iterative process, starting with the particle-ghost pair with the
lowest AR;,. If pr; > prg, the value of pp is subtracted from p7;. The pr 4 for that
particular ghost is then set to zero. If however, pr; < prg4, then pr; is subtracted
from pr 4 and pr; is set to zero. The process is then repeated with the particle-ghost
pair with the next lowest distance measure (with the pr of the previous pair now

updated).

The procedure iteratively continues, until all particle-ghost pairs have been pro-
cessed. All ghosts and particles with zero pp; are then discarded and the jet is
reclustered with the remaining particles. In this way, the subtraction procedure has
corrected the jets at a constituent level. The a parameter in equation 2.11 can be
used to preferentially start the subtraction with softer (o > 0) or harder (a < 0)
particles in the jet [89]. However, in this analysis we wish to introduce no additional

bias in the subtraction process and will therefore use o = 0 as our parameter.
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A drawback to this procedure is that, in addition to removing jet constituents that
end up with a pr of zero (mostly the soft background particles), the algorithm can
modify the py of the remaining particles in the jet. This is an important feature of
the procedure in removing the average background contribution. In reality though,
each jet constituent is either a particle arising from a hard process or is a background
particle. An ideal subtraction algorithm should therefore only remove constituents
arising from the background without modifying the particles originating from the

hard scattered parton, as this invariably changes the underlying substructure.

These subtraction algorithms are still very much in their infancy and will need con-
tinuous improvement. However despite the above feature, constituent subtraction
performs very well when correcting jet substructure. This is because the ghost par-
ticles are distributed homogeneously in the jet cone and therefore the background
is removed uniformly (with a = 0). In addition to being a good approximation of
the distribution of the average uncorrelated background, the uniformity of the sub-
traction procedure also mitigates (to an extent) against substantial changes to the
“true” jet’s underlying structure. Therefore, constituent subtraction provides the
best current approach to removing the background and correcting the underlying

substructure of jets at constituent level in heavy ion collisions.

Figure 2.16 shows the performance of constituent subtraction (black) in removing
pile-up from the jet mass observable, validating it with respect to the area-base
method. The presence of pile-up (blue), which acts in a similar manner to the
heavy ion background, shifts the jet mass to significantly larger values. Constituent
subtraction then removes this pile-up from the jets. Jets simulated without pile-up
(red), show the distribution which the subtraction mechanism is aiming to correct
back to. Constituent subtraction does a very good job of correcting the observable.
The area-based technique (open circles), correcting for mass instead of pr, is also

provided for comparison. Both algorithms perform well in removing the pile-up,
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with constituent subtraction producing a distribution which is slightly closer to the

no pile-up case.
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Figure 2.16: The performance of constituent subtraction and area-based subtraction
in removing pile-up from the jet mass observable is shown. The simulated jets are
clustered with the anti-k7 algorithm with R = 1.0 [89].

2.2.3 Derivative Subtraction

Derivative subtraction is a numerical approach that builds on the area-based sub-
traction method to remove background from the jet and correct jet shapes. As with
the other algorithms mentioned here, p is determined using equation 2.8. Ghosts
with very low pr, are added to each jet. The value of the jet shape after subtracting
the background, Vje; sup, is re-written in terms of its derivatives with respect to pr,

such that,

jet

1
‘/jet,sub = ‘/jet - PVU] + §P2V;[€2t] +..., (212)

where Vj; is the value of the jet shape measured in the presence of background. The



2.2. BACKGROUND SUBTRACTION TECHNIQUES 64

derivatives, indicated by the [n] superscripts, are calculated numerically for each jet
by rescaling pr, and re-evaluating the jet shape for multiple rescaled values. Once
the derivatives have been numerically evaluated, the subtracted jet shape value can
be obtained. The value of Ve su» grows more accurate when including higher order
derivatives. This comes at the cost of computational intensity. Therefore in this
work, the jet shapes are evaluated up to their second order derivative. When using

derivative subtraction, p{ﬁ " is corrected using the area-based subtraction method.

The performance of the derivative (open circles) and constituent subtraction (black)
methods are shown for the /djs jet shape in the presence of pile-up (blue), in

figure 2.17. \/dys is the kr splitting scale and is given by,

vV dyy = mm(pTJpT,z)ARw, (2'13)

where the indices 1 and 2 refer to the two subjets returned with kp reclustering at
N = 2. AR5 is given by equation 1.5. Pile-up shifts the true jet shape (red) to much
larger values. The jet shape is corrected well using either subtraction algorithm.
Even though both methods show similar performances when correcting jet shapes,
there are some features that make constituent subtraction the preferred algorithm
for this analysis. One of the main drawbacks of the derivative subtraction algorithm
is its inferior computational speed compared to constituent subtraction. Another
problem is that the numerical approach can sometimes fail for a small number of
jets, producing unrealistic values for the shape. Sometimes the algorithm even fails
to evaluate derivatives for an entire jet shape. As will be shown in chapter 5, the

soft drop algorithm seems to be incompatible with derivative subtraction.
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Figure 2.17: The performance of derivative and constituent subtraction in removing
pile-up from the /dio observable is shown. Simulated jets are clustered with the
anti-kr algorithm with R = 1.0 [89].

2.3 Semi-Inclusive Hadron-Jet Coincidence Technique

2.3.1 Combinatorial Jets

Jet finding algorithms are designed to cluster all tracks in an event, regardless of
their origin. The distribution of jets returned per event will include jets not arising
from hard scatters. These are known as “fake” or “combinatorial” jets and will con-
tain mostly soft, uncorrelated particles. They must be removed from the measured
sample for analyses interested in reconstructing the hard scattered partons. In pp
collisions, where the event multiplicity is low, a suitable minimum p]TEt cut can be
used to remove these unwanted jets. In these collisions, there are not enough parti-
cles arising from soft processes to create jets above this threshold. In this analysis,

a pjjft":h > 10 GeV/c cut is used in pp collisions.

The high multiplicity environment of heavy ion collisions enhances this effect. Even

after performing background subtraction, which removes the event average back-
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ground contribution from each jet, local fluctuations in the background can cause
a significant number of combinatorial jets to remain in the measured sample. The
contribution of combinatorial jets will reduce with increasing p#j ! since a larger up-
ward fluctuation of the background is required. This contribution is also related to
the jet radius, as a larger radius will cluster a larger amount of the background into
the jet. For analyses interested in measuring jets with a low p]; " and large radius,

combinatorial jets can significantly smear the sample and must be removed.

The approximate frequency of combinatorial jets can be measured as a function of
p7Te *. The assumption made to measure this contribution is that the majority of jets
arising from a hard scatter will contain a high pr track, resulting from the fragmen-
tation of the initial scattered parton. This assumption is based on measurements
of the fragmentation functions of jets at LHC energies in pp (figure 1.6) [58] and
Pb-Pb [92] collisions. On average, a jet will contain at least one track carrying ap-
proximately 20% — 30% of the pfjpet for jets of 40 < p?;t < 60 GeV/c . Conversely,
since combinatorial jets arise from soft processes, the presence of high pr particles

are expected to be greatly suppressed.

Figure 2.18 shows the approximate contribution of combinatorial jets as a function
of p];t, for jets with R = 0.2 and R = 0.3 which have had the event average
background removed from their pgpe " [91]. The jet populations are measured in three
ways. First is the unbiased population (black), where all jets returned by the jet
finder are accepted. The next two distributions require that the jets contains at
least one track with either pr > 5 GeV/c (green) or pr > 10 GeV/c (red). In
this way, combinatorial jets are suppressed in the two latter distributions. The
difference between these distributions and the unbiased sample gives an indication
of the contribution of combinatorial jets for any given p%f " bin. The contribution of

combinatorial jets decreases with increasing p]; ', The jet samples are combinatorial

free at pjfet > 40 GeV/c and pJFt > 50 GeV/c for jet radii of R = 0.2 and R = 0.3
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respectively. This indicates that this analysis’ desired 40 < pjTEt’Ch < 60 GeV/c
bin for jets with a resolution of R = 0.4, will have a significant contribution from
combinatorial jets, which must be corrected for. This is particularly apparent when

considering that a jet with R = 0.4 is four times larger than a jet with R = 0.2.
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Figure 2.18: The presence of combinatorial jets in the measured jet sample is esti-
mated by placing minimum p$* thresholds on the leading (highest pr) constituent
of the jet. The figure on the left shows jets measured with R = 0.2 and the figure
on the right shows jets measured with R = 0.3 [91].

One method to reject combinatorial jets, is to require the jet to have at least one
track above a certain pp threshold, as mentioned above. This guarantees a hard
production process. However, this biases the measured sample towards jets with a
harder fragmentation pattern. This is not desirable for analyses such as this which
are measuring some aspect of the fragmentation pattern of jets. The semi-inclusive
hadron-jet coincidence technique [69], also referred to as the recoil jet method, pro-
vides an alternative method to reject combinatorial jets without incurring fragmen-

tation biases.
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2.3.2 Recoil Jet Method

The recoil jet method does not reject combinatorial jets on a jet-by-jet basis, but
rather corrects distributions at the ensemble-average level. Two jet yields are mea-
sured recoiling from two high pr trigger hadron classes. To begin with, two high
pr trigger track (TT) windows are selected. The higher window is called the signal
class, with the lower window referred to as the reference class. The data are split
between these two classes so that each event is exclusive to a single class. In each
event, if available, one hadron in the given trigger track window is randomly selected.
A A¢ window, relative to the trigger hadron, is defined such that |7 — A¢| < 0.6
(back to back to the trigger hadron). Jet finding is then performed in this phase-
space window, with no minimum p]; " threshold imposed. It is expected that the
contribution of combinatorial jets is uncorrelated to the trigger track pr and will be
equal in the yield of jets recoiling from the two classes. Therefore, by subtracting
the reference yield from the signal yield (each yield is first normalised to the number
of trigger hadrons in its class), this contribution is removed and a combinatorial free
yield of jets is obtained. Any effects on the background induced by the recoiling
jet traversing through it, are not considered. The magnitude of these effects can be

different for the two trigger hadron classes.

The high pr trigger hadron classes ensure that the events selected (and in particular
the recoil regions where the jet finding is performed in) contain a hard process, since
particles with py larger than 5 — 7 GeV/c are expected to mostly originate from
high energy jets [93]. Since the trigger is a single high py hadron, it is unaffected by
the background making it an experimentally clean trigger. Tracking efficiency (see
section 3.4) can cause losses in the number of trigger hadrons detected. However,
care is taken to ensure that the tracking efficiency is uniform across the pr ranges
chosen for the reference and signal classes. Therefore, no correction needs to be

applied for the tracking efficiency. By choosing appropriate ranges for the trigger
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hadron pr classes, biases in centrality, flow and multiple partonic interactions can
also be eliminated in the measured jet sample through the subtraction procedure [69]
(since they contribute equally to both classes) . To this effect, the py ranges chosen
in [69] for the reference and signal classes were 8 — 9 GeV/c and 20 — 50 GeV/c
respectively. In the analysis performed in chapter 5, the same reference trigger track
pr was chosen but the signal pr window was reduced to 15 — 45 GeV/c¢ to maximise
statistics. However, the separation between the two classes is still large enough to

ensure a healthy difference yield.

jet,ch

Figure 2.19 shows the p7.°™" yields measured in pp and Pb-Pb collisions using the
recoil jet method [69], for jets with a radius of R = 0.4. In both samples, the
average background in each event has been removed from its corresponding jets
using the area-based method. In the regions where combinatorial jets dominate,
the difference between the signal (red) and reference (blue) yields is expected to be
small. The negative pjft’Ch regions represent jets that were clustered with a pj;t’d‘
below the average background of the event and are much more heavily populated
in Pb-Pb than pp. These jets are expected to be almost entirely combinatorial
and correspondingly have similar signal and reference yields in both pp and Pb-
Pb collisions. As the pjTet’Ch is increased, the contribution of combinatorial jets
is expected to fall, which is represented by the increasing difference between the
signal and reference yields. In pp collisions, the absence of significant background
means that this separation starts at a much lower pj;t’Ch than in Pb-Pb collisions,
where background fluctuations are expected to be large. Combinatorial jets are
not significantly present in pp collisions and setting a minimum pjTEt’Ch threshold
should be enough to remove them from the sample. In Pb-Pb collisions, the small

separation between the two yields at 40 GeV/c shows that rejecting combinatorial

jets at this p"" is necessary for samples measured with this jet radius (R = 0.4).

In both pp and Pb-Pb collisions, the selection of the high pr trigger hadron biases
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Figure 2.19: The signal (TT{20 — 50}) and reference (TT{8 — 9}) p’"" yields,
measured in pp and Pb-Pb collisions for jets with resolution R = 0.4, are shown [69)].

The separation between the signal and reference yields increases with increasing

pjiﬁt ¢ as the contribution of combinatorial jets is suppressed.

towards jets with a hard (high z) fragmentation on the trigger hadron side. However,
the fragmentation of the recoiling jets is uncorrelated to that of the jet containing
the trigger hadron and no fragmentation bias is imposed on the measured recoil
jet yield. Even though many of the common experimental biases, incurred when
rejecting combinatorial jets, are not present in the recoil jet method; there are
some remaining biases that must be noted. Since the scattered partons forming

the jets had an equal py when scattered, the measured yield is biased against jets

jet,ch jet,ch

with p7 < pr,7rrigger- NO kinematic constraint is placed for p7,

> PrTrigger-
However this bias is calculable in pQCD [94] and can be accounted for. Another
bias arising from the selection of the high pr trigger track in Pb-Pb collisions is
due to quenching effects. Since partons lose energy whilst traversing the QGP, the
trigger track selection biases towards jets that were produced near the surface of
the medium and underwent little energy loss. This means that the measured jet
sample in the recoil window is biased towards jets that traversed a larger length of
the medium and have undergone stronger quenching effects. However, this bias can

be desirable for analyses that are measuring these effects. The recoil jet method

provides a suitable, data driven approach for obtaining a combinatorial free sample
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of jets, which in turn allows for measurements of jets with a large radius at low

pj;tach in Pb-Pb collisions.

2.3.3 Extension to 2D

In this analysis, the recoil jet method will be extended to two dimensions for the
first time (see section 5.3.2), in order to make a combinatorial free measurement of
jet shapes in Pb-Pb collisions for a given low pjTet’Ch bin. The underlying method in
two dimensions is the same as the one-dimensional case described above. However,
the signal and reference yields are measured in two dimensions (jet shape vs pj;t’Ch )
and the difference yield obtained is also in 2D. A projection of the shape distribution
in the difference yield is then performed for given pj;t’(:h bins to produce a final jet
shape difference yield. It should be noted that the recoil method does not correct

individual jets for their pj:,ft’Ch or jet shape. Instead, it corrects the yield in each

PP and jet shape bin.

2.4 Bayesian Unfolding

The aim of most experimental analyses is to measure the “true” distribution of a
physical process, as it occurs in nature. However, measured distributions are often
smeared by detector inefficiencies and other experimental effects, which can distort
the “true” distribution. These distortions will be different between experiments,
due to different detector configurations and experimental conditions. This results
in a variety of different measured distributions, attempting to describe the same
“true” distribution. A correction procedure, known as unfolding, must be applied
to the measured distributions to disentangle these distortions and uncover the “true”

distribution. This allows for comparison of results, both across different experiments



2.4. BAYESIAN UNFOLDING 72

and with theoretical calculations at particle level. This analysis employs a two-
dimensional Bayesian unfolding procedure [95], to simultaneously correct the pjj‘ft’(:h
and jet shape. In addition to detector effects, in Pb-Pb collisions at the LHC, large

local fluctuations in the heavy ion background (which remain post subtraction) can

significantly smear the true signal and must also be corrected for through unfolding.

2.4.1 Bayes' Theorem

The unfolding procedure used in this analysis is based on Bayes’ theorem. This
states that the probability of a measured effect, E; (measured value), being due to

a cause, C; (truth value), can be expressed as,

P(E;|Ci) Po(Ci)

= P(E;|C) Py (Cr) (2.14)

P(Ci|E)) =

P(E;|C;) is the probability of the i"* cause to produce the j™ effect. Py(C;) is
the initial probability of the i*" cause occurring, with n. being the total number
of possible causes. After making a number of measurements, N, a frequency
distribution of effects, ng, is obtained. The best estimate of the true number of

events, for the i** cause, can then be calculated as,

i 1 -
(2 ]:1
where ¢; is the efficiency. Summing 7n(C;), over all possible causes (i values), gives

the fully unfolded “true” distribution, N.
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2.4.2 Experimental Evaluation

The ingredients needed to calculate equations 2.14 and 2.15 can be obtained ex-
perimentally. n(F;) is j% bin of the measured data sample. P(F;|C;) is obtained
using MC simulations. The MC is generated at particle (truth) and detector levels
for pp collisions (see section 4.3.3) and at particle and embedded levels for Pb-Pb
collisions (see section 5.4.1). These provide a mapping between causes and effects
and give access to the P(E;|C;) values. The efficiency, ¢;, is calculated by dividing

the counts in a detector level bin by the counts in the appropriate truth level bin.

The only remaining component needed to calculate n(C;), is Py(C;). This is obtained
through an iterative process. To begin with, a P, distribution is constructed, for
all 7 values, from a best guess estimate of the distribution of the physical process.
The truth level distribution from MC is often used for this. The first iteration of
the unfolded distribution, N , is then calculated. An updated P, value is obtained
from % The updated value is then put into equation 2.15 and N is recalculated.
This process is iteratively repeated, until the N distribution converges onto a stable
solution. This indicates that the true P, distribution has been obtained. In this
way, the unfolding procedure allows for the calculation of the “true” distribution,
N, without any prior knowledge of P,. In fact, the knowledge of P, is increased
through the iterative steps. One of the properties of this unfolding method, is that

the final N solution is independent of the choice of the initial Py guess. The closer

the initial P distribution to the true F, value, the faster the solution will converge.

2.4.3 Unfolding Matrix

The software package used to perform this Bayesian unfolding procedure, RooUn-

fold [96], takes advantage of the unfolding matrix, M. Equation 2.15 can be rewritten
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as,

a(Cy) = Z M;n(E;), (2.16)

where M;; is an index of the unfolding matrix and is given by,

P(E;|C;) Po(Cy)
D25 P(EC)][32E, P(E;IC)P(Cy)]

My = (2.17)

In this analysis, the data distribution is measured in two dimensions of pjTEt’Ch and
jet shape. Therefore, the unfolding matrix must be in four dimensions. These are

;’ tT’fszth, jet shaper,uin, p{‘f’ tbce'; and jet shapepe. In this configuration, the unfolded

distribution, N , is also obtained in two dimensions of pj;t’Ch and jet shape. Under

the rules of matrix multiplication, the pjjft’Ch and jet shape binnings of the measured

distribution must be equivalent to the binnings of the p’¢ t[’fe}; and jet shapep.; dimen-

sions of the unfolding matrix respectively. This also holds for the pj;t’Ch and jet shape
binnings of the unfolded distribution, which must be equivalent to the binnings of

the p{re éﬁi};th and jet shaper,., dimensions of the unfolding matrix respectively.

RooUnfold is provided with the two-dimensional measured distribution and a four-
dimensional response matrix, which contains the mapping of the P(E;|C;) values
(but in four dimensions). The response matrix is constructed from MC as mentioned
in section 2.4.2. The program uses this response matrix to construct the unfolding
matrix, according to equation 2.17. It then begins the iterative process of calculating
the unfolded distribution, for a requested number of iterations. The validity of
the unfolded solution is then tested for a set of criteria, which are described in

section 4.4.3.

The statistical errors are calculated using the method described in [96]. Systematic
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errors are evaluated by repeating the unfolding process with a modified response
matrix and comparing the final solutions. Sources of systematic error modify the
mapping between causes and effects, changing the P(E;|C;) values. This results
in a new response matrix and hence unfolding matrix, which must be evaluated

independently.



CHAPTER 3

The ALICE Detector

This chapter will describe the ALICE detector, which is part of the LHC particle
accelerator complex at CERN (section 3.1). Particular emphasis will be placed on
the detector subsystems used in the analyses described in chapters 4 and 5. These are
the Inner Tracking System (ITS) (section 3.2.3), Time Projection Chamber (TPC)
(section 3.2.4) and VO scintillators (section 3.2.5). The centrality estimators and
triggers used in the measured data sets will also be described (section 3.3). Lastly,
the track reconstruction procedure will be detailed (section 3.4), in preparation for

the use of the datasets (section 3.5) in subsequent chapters.

76
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3.1 The Large Hadron Collider

3.1.1 Overview

The Large Hadron Collider (LHC) is a particle accelerator located at the Swiss-
French border, measuring 26.7 km [97] in circumference. It is composed of two rings
which accelerate hadrons in opposite directions. The primary beams are proton and
Lead (*®®*Pb) nuclei, leading to three main collision systems of pp, p-Pb and Pb-Pb
at differing centre of mass energies (1/s). Recently, a short Xe-Xe run was also
performed at \/syy = 5.44 TeV, to obtain results with lighter nuclei. The LHC
design energies, which were realised in Run 2, are /s = 14 TeV, /syy = 8.16 TeV
and /syy = 5.26 TeV for the pp, p-Pb and Pb-Pb collision systems respectively.
However, the pp and Pb-Pb datasets used in this analysis were obtained in Run 1

and are at /s =7 TeV and /syy = 2.76 TeV respectively.

The LHC hosts four main experiments. These are the ALICE, ATLAS, CMS and
LHCDb experiments. ALICE is optimised for the study of heavy ion collisions, which
it uses to study the QGP. ATLAS and CMS are general purpose detectors, focusing
on pp collisions to test and study the standard model. However, they also run
a significant heavy ion program. LHCDb is optimised for the study of b-physics
(bottom quark physics) and is searching for evidence of new physics beyond the
standard model. Figure 3.1 shows the schematic representation of the LHC ring

and its four main experiments.

3.1.2 Accelerator Complex

Prior to injection into the LHC, the nuclei are passed through a series of smaller

accelerators [99]. Protons are obtained from a proton source, stripping hydrogen
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Figure 3.1: A schematic representation of the LHC accelerator complex is shown [98].

atoms of their electrons and injecting them into a linear accelerator (LINAC 2),
which accelerates the protons to 50 MeV. From here, the protons are passed into
the Proton Synchrotron Booster (PSB), which accelerates them to 1.4 GeV. The
protons are then further accelerated by passing into the Proton Synchrotron (PS)
and subsequently the Super Proton Synchrotron (SPS) which boost them to 25 GeV
and then 450 GeV respectively. They are then injected into the LHC ring, which
accelerates them to the required experimental energies. A similar procedure occurs
for the Pb ions. The Pb nuclei are stripped of their electrons by passing through
a series of foils, before continuing through a linear accelerator (LINAC 3) and the
Low Energy Ton Ring (LEIR), which accelerate them. These ions are then injected
into the PS and follow the same path as the protons. The energy of the Pb ions at

each stage is lower than that of the protons. A schematic of the accelerator chain is



79 CHAPTER 3. THE ALICE DETECTOR

shown in figure 3.2.
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Figure 3.2: A schematic representation of the LHC accelerator chain is shown [100].

The LHC ring uses dipole magnets, with peak fields of 8.33 T, to steer the beams.
The beams are focused using quadrupole magnets, particularly at the interaction
points. The acceleration of the beams occurs within a straight segment of the ring,
using 400 MHz radio frequency (RF) cavities [101]. These RF cavities are also
responsible for constraining the nucleons in bunches as they rotate around the ring.
At maximum capacity, each beam can contain up to 2808 proton bunches which

have a separation of 25 ns.
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3.1.3 Luminosity and Event Rate

Due to the design choice of the ALICE detector, particularly with regards to includ-
ing a large TPC with a long event processing time, a reduction in the interaction
rate is required at the ALICE interaction point. This is important in mitigating
against the effects of pile-up. Pile-up occurs when multiple proton-proton collisions
occur within the same bunch crossing. Experience has shown that the maximum

safe interaction rate for the ALICE detector is 700 kHz [102].

At its Run 1 design luminosity in pp collisions, the LHC can deliver a luminosity
of L = 10** cm™2s™!. When combined with the total inelastic cross section of pp
collisions at /s = 7 TeV (04, = 73.2 = 2.6 mb [103]), this gives an interaction
rate on the order of 700 MHz. Therefore, a significant reduction in this interaction
rate is needed at the ALICE interaction point. This can be achieved by reducing
the focusing of the beams before collisions. The LHC’s design luminosity for Pb-Pb
collisions is L = 10> em~2s~!, which when combined with the total hadronic cross

section of Pb-Pb collisions at /syy = 2.76 TeV (0p4q ~ 7.65 b [104]), results in an

interaction rate of 3-4 kHz.

The pp and Pb-Pb datasets analysed in this work were collected during the 2010
and 2011 run periods respectively. For the pp collisions, run with the minimum
bias trigger (see section 3.3.1), the event rate was O(10) kHz and reached 95% of
the detector read out rate. This corresponds to a delivered luminosity of L = 10%°
cm 2571, The Pb-Pb collisions, run with minimum bias and central triggers (see
section 3.3.2), were delivered with an interaction rate of 4 kHz which is comfortably

within the tolerance of the ALICE detector. This rate will be increased in the Pb-Pb

interactions of later runs.
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3.2 ALICE Detector

3.2.1 Overview

A Large Ion Collider Experiment (ALICE) is the LHC’s dedicated heavy ion ex-
periment, with the primary aim of studying the QGP. The design of the ALICE
detector was based on tracking and identifying low pr particles in high multiplicity
environments. At the time of design, the expected multiplicities for central Pb-Pb
collisions at LHC energies at mid-rapidity, ranged from %\; = 2000 — 8000 [105]. As
such, the ALICE detector was optimised to study environments with % ~ 4000,
with the ability to function up to values of twice this amount. However, the first
actual measurements at ALICE showed this to be a significant over-estimate, with

actual %\7] values in the 0 — 5% most central collisions being 1601 £ 60 [106].

Figure 3.3 shows the layout of the ALICE detector and its detector subsystems.
There are fifteen overall sub-detector systems which can be broadly split into three
categories: the central barrel, the forward detectors and the muon spectrometer.
The central barrel detectors are encased within a solenoid magnet (B = 0.5 T).
They are primarily tasked with tracking and/or identifying particles. Tracking can
be performed for particles with pr as low as 100 MeV /c. The upper particle pr limit
for robust tracking is ~ 100 GeV/c. Particle identification can be done reliably for
particles with pr < 20 GeV/¢, using several methods. The ITS, TPC, Transition
Radiation Detector (TRD) and Time of Flight (TOF) detectors cover the full range
in azimuth and have an 18 segment azimuthal layout. In particular, this work uses
the charged tracking capabilities of the ITS and TPC subsystems. The forward
detectors are primarily used for characterising the event, with the VO scintillators
playing a large part in the triggering, centrality determination and event plane

determination used in this analysis. The muon spectrometer is used to measure
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quarkonium and light vector meson production at large rapidities.
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Figure 3.3: A schematic representation of the ALICE Detector is shown. The central
barrel is housed within the solenoid magnet which is shown in orange. The muon
arm of the detector is situated on the right hand side of the figure. On the top right
of the image, a more detailed view of the different layers of the ITS is presented [105].

3.2.2 ALICE Co-ordinate Systems

There are two main co-ordinate systems (plus one directional system) used in this
analysis, which are outlined below. For each system, the origin lies at the centre of

the central barrel: the nominal intersection point of the two beams.

3.2.2.1 Cartesian Co-ordinates

This system is described using orthogonal axes labeled x, y and z. The x-axis points
towards the centre of the LHC, with the y-axis pointing vertically upwards. The

z-axis is parallel to the beam line and points towards the muon arm of the detector.
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3.2.2.2 Cylindrical Polar Co-ordinates

This system is described using one radial co-ordinate, r, and two angular co-ordinates
0 and ¢. r is defined as the radial distance from the beam line with 6 and ¢ being
the polar and azimuthal angles with respect to the beam line. A quantity known as

rapidity, y, can be defined such that

1. E+p,.c
yzﬁln(

B o) (3.1)

where F is the energy of the particle and p, is its momentum in the z direction. The
difference between the rapidities of two particles is lorentz invariant. Experimentally
it is convenient to use an approximation to rapidity known as pseudorapidity, 7,

which can be related to the polar angle. This is given by,

n=— ln[tan(g)]. (3.2)

3.2.2.3 Sides A and C

The C side of the detector is the side with the muon arm located on it, with the

opposite side labelled as the A side.

3.2.3 Inner Tracking System

The ITS is the first detector system surrounding the interaction point and is designed
to deal with the high multiplicity densities expected in heavy ion collisions. At its
innermost layer, which is constrained in radius by the beam pipe, the track density

can reach values of 90 cm~2 [107]. To achieve the required granularity, six layers
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of silicon detectors, covering the pseudorapidity range |n| < 0.9, are used. These
are split into three sub detectors, each comprising of two sequential layers. From
the inner to outermost layer, these are the Silicon Pixel Detectors (SPD), Silicon
Drift Detectors (SDD) and Silicon Strip Detectors (SSD). Table 3.1 shows both the
distance of each sub detector from the interaction point, along with their spatial

resolutions in the r¢ and z directions. A schematic is shown in figure 3.4.

ITS Subsytems
Detectors Radial Distance From the Interaction Point Spacial Resolution
First Layer / cm Second Layer / cm ro/um z/pum
SPD 3.9 7.6 12 100
SDD 15.0 23.9 35 25
SSD 38.0 43.0 20 830

Table 3.1: The radial distance of each of the ITS’ detector subsystems from the
interaction point along with their spacial resolutions in the r¢ and z directions are
shown [105].

SDD

SPD

Figure 3.4: A schematic representation of the ALICE ITS system is shown. The
innermost layer is the SPD, with the SDD and SSD forming the middle and outer
layers respectively [108].

The main tasks of the ITS include vertex determination and the tracking of low
momentum particles [105]. This is particularly important for particles which have
Pt < 200 MeV, as these do not reach the next detector system (TPC). The ITS

also complements and improves the tracking performed by the TPC.
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3.2.3.1 Silicon Pixel Detector

The SPD constitutes the two innermost layers of the ITS. It plays a fundamental
role in the determination of both the position of the primary vertex and of the
impact parameter of secondary tracks originating from weak decays. To achieve the
required granularity at distances so close to the beam pipe, the SPD is comprised of
9 x 106 cells (pixels) which are finely segmented in two dimensions. The size of each
pixel is 50 x 425 ym? [109]. Particles passing through a cell are localised by inducing
a binary signal in the cell. The small distances to the beam pipe also necessitate a
radiation hard design for the SPD, with a total dose of 275 krad [110] estimated at

the innermost layer, over a ten year running period.

3.2.3.2 Silicon Drift Detector

The SDD is finely segmented in one direction but coarsely in the other. Along the
coarsely segmented direction, the track position is determined by measuring the
drift time of the charge induced by the travelling track. This allows for an increased
spatial resolution, at the expense of a limited event rate under which the SDD
can operate (maximum drift time of the ALICE SDD is 6 us [105]). This design
was chosen to complement the high multiplicity, low frequency events of heavy ion

collisions.

3.2.3.3 Silicon Strip Detector

The SSD has a strip like configuration, where it is finely segmented in one direction
but coarsely in the perpendicular one. It is double sided, with a 35 mrad angle [105]
between the two sides. This allows for a two-dimensional reconstruction of track

positions. Such a strip like configuration is only possible at these large distances
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from the interaction point, where track densities are much lower (< 1 cm™2) than
their values at the SPD. One of the primary functions of the SSD is to match tracks
between the ITS and TPC.

3.2.4 Time Projection Chamber

The next detector immediately surrounding the ITS is the TPC, which is the pri-
mary tracking system of the central barrel. It is particularly important in the mea-
surement of the momentum of charged particles, vertex determination and particle
identification (PID). The TPC has a cylindrical shape with its inner and outer radii
measuring ~ 85 cm and ~ 250 cm respectively [105]. In the longitudinal direction,
the TPC has a length of ~ 5 m which is split in half by a central cathode. A diagram
of the TPC is shown in figure 3.5.
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Figure 3.5: A schematic representation of the ALICE TPC system [111].

The TPC covers the full range in azimuth. It also has a coverage of |n| < 0.9 for
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tracks with a full radial track length (this defines the 7 limit used in this analysis),
which can be increased to || < 1.5 for tracks with shorter track lengths (down to
a minimum of one third of the total radial length). The momentum resolution is
better than 1% for tracks with 0.2 < pr < 1 GeV/¢, ~ 5% for tracks with py ~ 10
GeV/c and up to 30% for tracks with pr ~ 100 GeV/c. The position resolution is
800-1100 pm in r¢ and 1100-1250 pm in the z direction and is dependent on the

position of the particle within the detector [105].

The TPC is a gaseous chamber. Charged particles traversing the TPC ionise the
atoms of the gas, liberating electrons. These electrons are then drifted, under a
uniform electric field of 400 Vem™!, to one end of the TPC which is instrumented
with multi-wire proportional chambers (MWPCs). As the electrons approach the
MWPCs, they are accelerated by the larger electric field, which causes them to
avalanche. This avalanche is detected on cathode pads. There are a total of 5504
pads, situated in 63 pad rows, in the inner readout chamber and 9984 pads, situated
in 96 pad rows, in the outer readout chamber [105]. The cathode pad readouts are
segmented into 18 trapezoidal sections on each end plate. The position of the charge
induced on the pads gives the x and y position of the traversing particle, whilst the
z position is determined by the drift time of the liberated electrons. The long drift
time of the TPC (~ 92 us) is the limiting factor in the maximum collision rate that

can be processed at ALICE.

The gas mixture selected for the ALICE TPC is a Ne/COy /Ny mix at a 90 : 10 : 5 ra-
tio (at atmospheric pressure). This composition was selected due to its low diffusion,
low radiation length (low multiple scattering), drift speed and stable properties [105].
One of the drawbacks of this gas mixture is the steep temperature dependence of
its drift velocity. Therefore, the TPC temperature is kept under strict control with
|AT| < 0.1 k. This is done using heat screens and cooling circuits [105]. Due to

the dependence of the positional resolution on the stability of the drift velocity, the
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electric field is also kept extremely uniform [105].

3.25 VO

The VOA and VOC detectors are two plastic scintillators, placed at the A and C side
of the ALICE detector respectively. They are comprised of four concentric rings,
which in turn house eight scintillator counters each. Schematic representations of
the VOA and VOC detectors are shown in figure 3.6. The VOA covers a range of
2.8 < n < 5.1, whilst the VOC covers the range —3.7 < n < —1.7 [112]. They are

located at 340 cm and 90 cm from the interaction point respectively.

VZERO-A

VZERO-C

Figure 3.6: A schematic representation of the ALICE VOA and VOC systems is
shown [112].

There is a correlation between the signal amplitude on the VO scintillators and
the number of primary emitted particles in an event. As such, these detectors
are primarily used for determining event centrality and triggering [105]. Both the
minimum bias and central trigger used in this analysis use the VO scintillators, as

described in the next section.
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3.3 Triggering

The high event rate at the LHC, coupled with the finite capacity to store recorded
events, necessitates the need for triggering. Only events of interest are sampled and
recorded. Additionally, the time between collisions is much shorter than the time
taken for most detectors to read out and process an event, which means that certain
events need to be prioritised. The Central Trigger Processor (CTP) is responsible
for co-ordinating this triggering process, based on inputs received from an array
of detectors. It can then signal readout detectors to initiate the processing and

recording of an event.

The CTP has three trigger levels, which must be sequentially satisfied for an event
to be fully recorded. The first level is the L0 level, which relies on fast detectors
(such as the VO0) to detect the initial signals coming from an event. If particular
event criteria (depending on the defined trigger conditions) have been satisfied, an
L0 signal is generated to initiate event processing by the chosen readout detectors.
At this stage, the CTP also checks if any of the readout detectors are already busy
recording an event. The busy statuses of the Data Acquisition (DAQ) system and
the CTP itself are also checked. Either of these criteria can result in the CTP
vetoing the event and not generating the LO signal. Once a LO signal has been
generated, further criteria are checked based on inputs to the CTP. If successful,
this can result in the generation of an L1 signal. A final stage of checks are then
performed, which can result in either an L.2a (accept) or L2r (reject) signal being
sent out by the CTP. If the readout detectors receive an L2a signal, the event is
read out to the DAQ where it is recorded. A LO signal can be sent to detectors in as
little as 1.2 us after an interaction. A L2 signal takes about 88 s to be generated,

which is approximately the same as the drift time of the TPC.

A more detailed description of the trigger criteria used for the data sets in this
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analysis will be presented in the following subsections.

3.3.1 Minimum Bias

The pp data sample used in this analysis (Chapter 4) was collected using the mini-
mum bias trigger. This trigger is designed to select inelastic events with minimum
physics bias, whilst rejecting beam backgrounds. In pp collisions, the trigger condi-
tions require at least one recorded hit in the VOA, VOC or SPD [113]. This forms
the input to the LO trigger, which is then generated upon the fulfilment of this cri-
terium. If the trigger is not vetoed, then the event is read out. In Pb-Pb collisions,
the minimum bias trigger requires at least two hits in either of the VOA, VOC or

SPD. This then forms the basis for the central trigger, which is described below.

3.3.2 Central Trigger

The Pb-Pb data sample used in this analysis (Chapter 5) was collected using the
central trigger. The central trigger is built upon the minimum bias trigger, with
the added requirement that the sum of amplitudes in the VO detectors, in a given
collision, should be above a given threshold. The value of this sum is sent to the CTP
as an L0 input [114]. The correlation of the VO amplitudes to the event centrality is
shown in figure 3.7. By placing minimum limits on the sum of the VO amplitudes,
the centrality of the triggered events can be varied. After the data taking period,
offline tests showed that the placement of the VO amplitude threshold for the central
trigger resulted in a 100% efficiency for the 0 — 8% most central events and 80%

efficiency for the 8 — 10% most central events [114].
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Figure 3.7: The sum of the amplitudes induced in the VO detectors, in Pb-Pb
collisions at /syny = 2.76 TeV, are shown [112]. The centrality percentiles are
shown in shaded bands. A Glauber model [115] has also been fitted to the data

3.4 Tracking

Once the signals induced by traversing particles are measured by each detector
(the detector data are converted into clusters, independently for each detector, in
a process known as clusterisation), a tracking process is employed to combine the
information from the detectors and reconstruct tracks attributing to the traversing
particles. This process aims to determine the trajectory, momentum and species of

the particles passing through the detector material.

The tracking process detailed below begins by determining the interaction ver-
tex, with subsequent track finding and matching performed in the TPC and ITS.
The track finding is done in three stages, employed via an inward-outward-inward
scheme [102]. The schemes refer to the tracking direction, with the outward scheme
starting from the centre of the detector and continuing to the outermost tracking
layers. Conversely, the inward scheme begins tracking in the outermost tracking

layers and continues inwards towards the interaction point.
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3.4.1 Interaction Vertex

The interaction vertex, defined experimentally as the space point to which a maxi-
mum number of tracklets converge, is determined using the SPD. Tracklets are lines
passing through pairs of clusters (one in each layer) in the SPD [102]. By con-
struction, the first interaction vertex found has the highest number of contributing
tracklets and is taken to be the primary vertex. In pp collisions where pile-up is
expected, the algorithm is repeated several times to find multiple vertices. Clusters
that have already been used to determine a previous interaction vertex are discarded

in subsequent iterations.

3.4.2 Track Reconstruction

3.4.2.1 TPC Tracking

Track reconstruction begins from the outer layers of the TPC and moves inwards.
The TPC readout chambers are composed of 159 pad rows, which can each produce
a cluster when a particle passes through them. The first step is to define track seeds.
These are determined using two TPC clusters and the primary vertex, or three TPC
clusters without the vertex point. These seeds are then propagated inwards and the
tracks are slowly built up at each layer by updating them with the nearest TPC
cluster (within a proximity cut). Care is taken not to reconstruct the same physical
track multiple times, given that clusters can be reused by different seeds. Pairs of
tracks containing over a certain fraction of common clusters are compared and the
lower quality track is rejected. This process is carried inwards through the TPC
and a preliminary particle identification in performed. This is done in order to
assign a mass to the particle and correct for ionisation energy losses in the tracking

process. Figure 3.8 shows the tracking efficiency of the TPC. This is the ratio of
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the reconstructed tracks to primary particles generated in a simulation, which is
approximately 80% for particles with p5* > 1.0 GeV/c and largely independent of
the event multiplicity. The 20% loss of tracks is attributed to the dead zones between
readout sectors, where incident particles are not detected. The drop in efficiency at

pih < 0.5 GeV/c, is due to energy loss in the detector material [102].
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Figure 3.8: The tracking efficiency of the ALICE TPC as a function of p$t, for
primary particles in pp and Pb-Pb collisions [102].

3.4.2.2 ITS Tracking

The next step of the tracking procedure is to extend the tracking into the I'TS. The
tracks reconstructed in the TPC are propagated to the outermost layer of the ITS
and become the new seeds. The tracking is performed inwards through the I'TS
and the tracks are updated at each subsequent layer with clusters that satisfy a
maximum proximity cut. Each track is also assigned a y? value based on a fitting
performed using the Kalman filter technique [116]. At each updated layer, the tracks

form new seeds for the next layer. Due to detector inefficiencies, seeds that aren’t
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updated with a cluster in a given layer are still used as seeds for subsequent layers,
with a penalty applied to their y? value. In this way, each TPC track has a series of
possible tracks extending from it in the I'TS. These possible I'TS tracks are sorted by
their 2 values and the highest quality ITS track emanating from each TPC track is
selected. Checks are performed to ascertain that no cluster sharing exists between
the selected candidate tracks in the ITS; and in case of clashes, alternative tracks

are picked and tested.

Since the tracking efficiency for particles with p$* < 0.5 GeV/c falls steeply in the
TPC, a standalone tracking is also performed with the ITS, using clusters that
weren’t used in the TPC-ITS tracks. Seeds are created using two clusters from the
three innermost layers of the I'TS, in addition to the primary vertex point. The
seeds are then propagated outwards and updated with clusters in each layer of the
ITS (with a given proximity cut). This creates multiple possible tracks from the
original starting seed, which are then sorted and selected based on their x? values.
Once a track is selected, its clusters are removed and the process is repeated. This

method enables tracking down to 80 MeV/c¢ [102].

3.4.2.3 Refitting

Once the reconstruction of tracks in the I'TS has been completed, an outward refit-
ting to the clusters associated to each track is performed. At this stage, detectors
beyond the TPC can also be used in the tracking process, although this was not the
case for the data used in this analysis. Finally, one last inward refitting is performed;
starting from the outer layers of the TPC to the innermost layer of the ITS. At this
stage, the final properties of the tracks such as their position and momentum, are
determined. These tracks are then used to find the interaction vertex with a higher

precision than with just the SPD tracklets.
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3.4.2.4 Hybrid Tracks

Due to problems with the ITS cooling system during LHC Run 1, up to 20% and
30% of the SPD was switched off during the 2010 and 2011 data taking periods re-
spectively [102]. This resulted in large gaps in the 1 — ¢ plane for the reconstructed
track distribution. Therefore, in addition to the track reconstruction method de-
tailed above, which still accounts for the vast majority of the reconstructed tracks,
two sets of complimentary tracks were introduced in the affected regions to create
a uniform distribution in the n — ¢ plane. These are tracks that successfully passed
the ITS refit but had no hits in the SPD and tracks that did not pass the I'TS refit
altogether. Despite constraining both of these sets of tracks to the primary vertex,
they still have a lower py resolution than the standard tracks. This lower resolution
is preferred over an inhomogeneous 7 — ¢ distribution. Figure 3.9 shows the contri-
bution of each track type in the ¢ plane. The sum of these hybrid tracks results in

a homogenous distribution, despite the inactive sectors of the SPD.

3.5 Data Sets

The remainder of this thesis will focus on analysing the events measured and re-
constructed using the ALICE detector. In pp collisions, 1.48 x 10® events were
recorded in the LHC10d and LHC10e data sets. Jet finding will be performed on
these events, leading to calculations of the AR and 75/7; jet shapes. In Pb-Pb
collisions, 1.62 x 107 events at 0 — 10% centrality are obtained using the LHC11h
data set. Jet finding, accompanied by background subtraction techniques, will be
performed on these events, resulting in measurements of the AR and 75 /7; shapes.
In both collision systems, the measured jet shapes will be compared to MC models,

in order to test for specific physical processes and interpret the results.
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Figure 3.9: The ¢ distribution of the track sets used to construct the hybrid track
class, in the 2010 0—10% centrality Pb-Pb dataset. The depletion in the distribution
of standard tracks (with SPD hits and a successful ITS refit) (red), represents the
affected sectors of the SPD [117]. For the 2011 Pb-Pb datasets, the tracks without
an ITS refit were discarded.



CHAPTER 4

pp Analysis

This section will detail the analytical procedures used to obtain the final fully cor-
rected measurements of the AR and 7, /7; jets shapes in pp collisions, starting from
raw reconstructed tracks (as discussed in section 3.4.) Results from each interme-
diate stage will be presented to showcase the methodology. This will comprise of
clustering the tracks into jets and calculating the raw jet shapes. A response matrix
is then constructed, by matching truth and detector level MC generated jets. A two-
dimensional Bayesian unfolding procedure is applied to correct the raw jet shapes
in both shape and pjft’Ch, resulting in the final fully corrected results. Four differ-

ent reclustering algorithms are employed to calculate the jet shapes, as discussed in

section 2.1.2.

97
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4.1 Clustering Jets

In order to reconstruct the kinematics of the initial scattered partons, the tracks
measured by the detector are clustered into jets using the anti-k; algorithm. The
minimum bias pp data sets used in this analysis yield 337,984 jets at R = 0.4, with
a pjjft’Ch > 10 GeV/c cut imposed. Single track jets have been removed from the
sample, since at least two tracks are required to compute the AR and 75 jet shapes.

The pjjft’Ch distribution of this ensemble is shown in Fig 4.1 and follows the expected

QCD jet production power law.

1= =

= 10_1;* - —;

o S E

D = Ll ) ]

= 102? — pp Vs =7 Tev -

% E —_ Anti-k; charged jets, R = 0.4 E

E 107 - - 10 < p" < 160 GeVie 7;

il ~

zZ - C ++_|_ B

=107 i ++H + E
10°E

E Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ﬂ ﬁ Il Il It

0 20 40 60 80 100 120 140 160

pJTet'Ch | GeVlc

Figure 4.1: The pj;t’d‘ distribution, obtained for the measured pp data sets, is shown.

The ¢/“" and 77" distributions are shown in figures 4.2 and 4.3 respectively.
The 18 troughs in the ¢’¢4" distribution correspond to the 18 sector design of the
TPC (see section 3.2.1). Even though the TPC has an —0.9 <7 < 0.9 range at its
maximum radius, the jet axis is limited to —0.5 < 7 < 0.5 for jets with R = 0.4. This
is due to the requirement that the full jet radius be contained within the confines

of the TPC.
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Figure 4.2: The ¢/¢»" distribution, obtained for the measured pp data sets, is shown.
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Figure 4.3: The n7¢" distribution, obtained for measured pp data sets, is shown.

The number of charged tracks clustered per jet is shown in Fig 4.4. The distribution

peaks at 5 tracks per jet with a mean of 5.61.
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Figure 4.4: The number of charged tracks clustered per jet, obtained for the mea-
sured pp data sets, is shown.

4.2 Raw Jet Shapes

Once jet finding has been performed using the anti-kr algorithm, the jet constituents
are reclustered using four different algorithms. These are the exclusive kr, exclusive
C/A, exclusive C/A followed by a minimisation procedure and the soft drop groomer
with C/A reclustering. These exclusive algorithms are employed with both N =1
and N = 2 and the soft drop parameters are z.,; = 0.1 and $ = 0. Each reclustering
algorithm returns N axes in the jet, which are then used to construct the AR
(N =2),7; (N=1)and 7» (N = 2) jet shapes. The 75/7; jet shape is obtained by

taking the ratio of the 75 and 7; jet shapes, on a jet-by-jet basis.

421 AR

For the case of N = 2, the AR variable measures the 7 — ¢ distance between the

two returned axes. The raw level results for the AR jet shape, measured for each
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algorithm, are shown in figure 4.5.
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Figure 4.5: The uncorrected AR jet shapes are shown in three differential p7
bins, for each reclustering algorithm.

The axes (AR) returned by the different reclustering algorithms vary significantly.
The k7 algorithm returns the axes of hardest (and often first) splitting in the jet.
This distribution peaks at low values (~ 0.1 — 0.2), indicating that the bulk of
QCD jets are predominantly contained within small cores. There is a mild pjft’Ch
dependence for this algorithm, since QCD jets are more collimated (jet constituents

are closer to the jet axis) at higher p’"" [118].

The C/A reclustering algorithm clusters tracks based solely on their angular distance
from each other. The final clustering step will bring together the structures that

are furthest apart in the jet. As a result, one of the axes usually remains in the jet
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core, whilst the second axis picks out the constituent or cluster furthest away from
the core. Therefore, the AR distribution for this algorithm peaks at the jet radius.
The one pass minimisation of 7, has little effect on the position of the axes, due to
the small number of constituents present per jet, which limits the possibilities for

minimisation. The AR distributions for both these axes show no pjTet’Ch dependence,

indicating that the presence of soft radiation at large angles is invariant of the pjTet’Ch.

The C/A algorithm, when preceded by a soft drop grooming procedure, attempts
to identify the axes of hardest splitting in a jet (see section 2.1.2.4). The soft
drop procedure modifies the AR distribution of the C/A algorithm significantly and
brings it close to the distribution obtained by the kr algorithm, which corresponds
to a physical set of axes (axes of hardest splitting). This suggests that the soft drop
procedure is effective at removing soft large angle radiation from the jet. The same

. iet.ch . .
mild p7"“" dependence, as seen for the kr reclustering case, is observed.

4.2.2 T1

This variable is constructed according to equation 1.9, for the case of N = 1. The
raw level results for the 7; jet shape are shown in figure 4.6, for each reclustering

algorithm.

The k7 and C/A algorithms return identical 7; values. Both algorithms are limited
in the number of possible axes they can return, by the number of jet constituents.
The jet constituents are combined using the E-scheme recombination, which is a
linear sum and independent of the order of clustering for the N = 1 case. Therefore,
both algorithms return the (same) jet axis. The one pass minimisation will attempt
to minimise 7; by altering the jet axis returned by the C/A algorithm. This induces
jet,ch

a small shift to lower values of 7;. Since QCD jets have the bulk of their p7.

distributed in a relatively small area around the jet axis (they are predominantly
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Figure 4.6: The uncorrected 7; jet shapes are shown in three differential pj;t’Ch

for each reclustering algorithm.

bins,

single-core [68]), this minimisation procedure has little effect on the returned axis.
The soft drop procedure attempts to remove soft constituents found at large angles

from the jet axis, resulting in a decreased value of 7;. A mild pj;t’Ch

dependence is
seen across all four algorithms. This is due to the fact that higher pj;t’Ch jets are

more collimated, resulting in lower values of 7;.

423 To

This variable is constructed according to equation 1.9, for the case of N = 2. The

raw level results for the 7, jet shape are shown in figure 4.7, for each reclustering
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Figure 4.7: The uncorrected 73 jet shapes are shown in three differential p7:"“* bins,

for each reclustering algorithm.

The 7, distributions appear at lower values compared to their 7; counterparts, due

to two main factors.

Firstly, by definition, the 75 jet shape is sensitive to both

two-core and single-core jets, whereas 7; is only sensitive to the latter. Therefore,

a larger sample of the jet population will contribute to low 7, values (strongly two-

core and strongly single-core jets) than to low 7; values (strongly single-core jets).

Secondly, all two track jets will by definition have a 75 = 0, which increases the yield

of jets in the first bin.

The 75 distributions are similar for both the kr and C/A algorithms. In both cases,

one of the axes are likely to remain in the jet core. In the kr case, the second axis
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will follow the next hardest track or cluster whereas in the C/A case the second
axis is likely to be further out in the jet, tending towards tracks or clusters at a
large radial distance (which tend to be soft). For the majority of jets, the value
of 7, obtained from both algorithms will be heavily impacted by the axis or axes
remaining in the core, since most of the pj;t’Ch is situated in the core of QCD jets

(they tend to be single-core). Since both algorithms return a similar axis in the

core, their 7, values will also be similar.

Although similar, the values of 7, obtained via the ky algorithm will be slightly
lower than those obtained via the C/A algorithm, since the second axis is picking
up additional hard substructure within the jet or jet core where available. This
results in a lower value of 7, compared to 7;, for the kr case. This holds true
for all but a handful of particular configurations, which are not discussed due to
their low likelihood of occurring. For most jets, the 7, values obtained via the C/A
algorithm will be almost identical to their 7; counterparts, since the (usually soft)
tracks around the second axis contribute almost nothing to the variable. Therefore,
even though the 7, distributions are visually similar for both algorithms, this small
difference makes the k7 algorithm much more sensitive to structures within the jet.
This sensitivity can be extracted by taking the ratio of 7o, and 7;, as shown in

section 4.2.4.

The minimisation procedure shifts the 7, distribution to slightly lower values, com-
pared to the C/A case, inducing only a small effect. The soft drop grooming pro-
cedure also shifts the distribution to smaller values, albeit to a larger extent. Soft
drop removes the large angle soft radiation and attempts to strip the jet to uncover
its harder splittings. Therefore, the second axis obtained via this algorithm is more
likely to follow a hard splitting, rather than a soft large angle constituent (making
it similar to the kr case). The removal of tracks by the grooming procedure also

results in more two-tracked jets, which have a 7 = 0 value.
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The 7, distributions measured for all four algorithms exhibit a mild pjzft"’h depen-

jet,ch

dence due to the collimation of high p7."™" jets, similar to the case of 7;.

424 Tg/T]

The 75 /7; variable is calculated by dividing the measured 7, and 7; values for each
jet. The raw level results for the 75/7; jet shape are shown in figure 4.8, for each

reclustering algorithm

Figure 4.8: The uncorrected 75/7; jet shapes are shown in three differential p’r
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bins, for each reclustering algorithm.
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As explained in section 4.2.3, the 75 /7; distributions for the kr and C/A algorithms

differ greatly, even though their 7; and 7, distributions look visually similar. For
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the kr case, the algorithm shows a sensitivity to two-prong substructure and peaks
at ~ 0.6, since most QCD jets are single-core. The distribution peaks at a value
lower than unity, due to the algorithms sensitivity to two-core jets and substructure
within the core of single-core jets. For the C/A case, the distribution peaks at close
to unity, since the values for 7; and 7, are very similar for the majority of single-core

jets and the algorithm shows no sensitivity to the pr scale of the substructures.

The minimisation procedure has very little impact on the distribution obtained
with the C/A algorithm. For the case of C/A with soft drop, the effects of the the
grooming procedure are large and the resulting 7, /7; distribution is very similar to
the k7 case. This confirms that the soft drop procedure enables the C/A algorithm to

pick out hard splittings in the jet and increases its sensitivity to hard substructures.

4.3 MC Response

4.3.1 Truth and Detector Level Simulations

The MC response used in the unfolding procedure (see section 2.4.2), is constructed
at two levels: truth (particle level) and reconstructed (detector level). The truth
level is constructed by simulating PYTHIA tune A (see section 6.1.1.2) events, at
Vs = 7 TeV, in ten pr hard bins. pr hard bins are sets of simulated events where
the Q? of the parton interactions are controlled. Truth level events include primary
particles and the daughters from strong and electromagnetic decays. However, they
do not include the secondaries from interactions in the detector material or the
daughters of weak decays of strange hadrons. Jet finding is performed on the events,

using the anti-kr algorithm, with a pjTet’Ch < 160 GeV/c cut imposed.

The truth level events are passed through a reconstruction of the ALICE detector
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using GEANT4 [119, 120] (GEANT4 simulates the passage of particles through
matter), incorporating detector effects, to obtain the detector level events. These
events also include secondaries from interactions in the detector material and weak
decay daughters. The same experimental cuts used in data are applied at detector
level as well. Jet finding is performed on these events, using the anti-kp algorithm,
with a cut of pjTEt’Ch > 10 GeV/c imposed. Corresponding truth and detector level
jets in each event are geometrically matched. Only successfully matched jets enter

the response. Jet shapes are then calculated at truth and detector levels for these

matched jets, to obtain the truth and detector level distributions respectively.

The list of pr hard bins used in this analysis is: 5 — 11, 11 — 21, 21 — 36, 36 — 57,
57 — 84, 84 — 117, 117 — 152, 152 — 191, 191 — 234 and 234 — 1000 GeV/c¢ (from
here on the py hard bins will be numbered from 1 to 10 according to this list). The
final truth and detector level distributions are obtained by merging the py hard bins
with appropriate weights (see below), to account for their differing interaction cross

sections.

4.3.2 Cross Section Weights

The weight for each pr hard bin is calculated using the following procedure. PYTHIA
provides the interaction cross section, o, for a Trial in each pr hard bin. A Trial
is defined as a PYTHIA event generated in a specific pr hard bin. However, not
all T'rials produce jets that appear within the detector acceptance. Fvents are de-
fined as T'rials which produce jets within the detector acceptance limits. The cross

section per Fvent can be written as,

OTrial
O Event — . 41
Foent (NTT'ialS/NE’Uents) ( )
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The ogyen: for each pr hard bin is normalised by the number of Events generated

in that bin, resulting in the final weight as given by,

OTrial _ OTrial (4 2)
NEvents (NT’rials /NEvents) NTrials

weight =

The weights calculated in this work, in order of increasing py hard bin, are shown

in table A.1.

The pj:,?t’Ch distributions at particle level are shown for each pr hard bin in figure 4.9.
The effect of the weighting in adjusting the contribution of each pr hard bin is
highlighted. The weighting reduces the contribution of the higher pr hard bins, in

line with their significantly lower interaction cross sections.

et ch
4.3.3 Merged pi"*

The final truth and detector level pé‘ft’Ch distributions, obtained by merging the
weighted pr hard bins, are shown in figure 4.10. Two main detector effects contribute
to the differences observed between the two levels. The dominant effect [121] arises
due to the finite tracking efficiency (see section 3.4), which means that there is a
finite probability that a truth level particle is not reconstructed at detector level.
This shifts the detector level distribution towards lower values. The second effect
is due to the finite charged track pr resolution [122], which means that a track
jet,ch

can be reconstructed with an incorrect ps*. This can shift the detector level p’.

distribution in either direction.

Figure 4.11 highlights these detector effects. Figure 4.11a shows the detector level

pjjft’Ch distributions, for given bins of truth level pj;t’Ch. The detector level distri-

butions peak at the corresponding truth level values, with tails extending in either
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Figure 4.9: The unweighted (a) and weighted (b) p’"“" distributions are shown for
each pr hard bin.

direction. The tails to the left of the peak fall less steeply than the tails on the right,
indicating that a jet is more likely to be reconstructed with a lower pjzft’Ch due to
detector effects, than a higher one. Since the effects of the finite charged track pr
resolution on the p%"“ distributions are equal in either direction [121], the much

larger tails to the left show that the tracking efficiency is indeed the dominant effect.
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Figure 4.11b shows the fractional pj;t’Ch change, between particle and detector level

jets. The distribution peaks at —0.030 due to the effects of tracking efficiency.
The pJ;t’Ch resolution can be extracted by calculating the standard deviation of this

distribution, which is 11.6%. This is in agreement with previous studies [121].
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Figure 4.10: The truth and detector level pjﬁt":h distributions are shown.

434 AR

The AR distributions at truth and detector levels are shown in figure 4.12, for each
reclustering algorithm. The corresponding truth and detector level distributions
are similar across all four algorithms, suggesting that only small corrections will be
needed from the unfolding procedure (see section 2.4). For the kr algorithm, the
detector effects shift the shape to slightly higher values. This is caused by the loss of
tracks in the jet core, due to the finite tracking efficiency, which pushes the returned
axes further apart. The likelihood of losing a track in the core, compared to tracks
situated at larger angles in the jet, is higher due to the higher number of tracks in

the core. Additionally, the algorithm is largely insensitive to the loss of soft large
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Figure 4.11: Detector effects on pl""

angle tracks, due to the pr dependence of its clustering.

For the C/A algorithm, the detector effects shift the AR shape to lower values. This

can also be explained by the finite tracking efficiency. Since the C/A algorithm has
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no pr dependence in its clustering procedure, one axis will often remain in the jet
core whilst the second is pulled out to the furthest track in the jet. Loss of tracks
in the jet core will not alter the returned axes significantly. However, loss of the
furthermost track will result in a modification of the second axis and a lowered AR

value at detector level.
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Figure 4.12: The truth and detector level AR distributions are shown for each

reclustering algorithm, at 40 < pj;f’jf:;th < 60 GeV/e.

The minimisation procedure does not effect the trend seen with the C/A algorithm.
However, the soft drop procedure changes this trend to a similar one as observed in
the kr case. This is also due to the finite tracking efficiency. Loss of tracks in the jet

jet,ch

core lower the p7.°"" at detector level compared to the truth level. As a consequence,

clusters at large angles from the core will carry a larger percentage of the overall
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pj;t’Ch at detector level. Therefore, compared to their truth level counterparts, they

are more likely to survive the soft drop grooming procedure. In this way, there
are more tracks at large angles at detector level than at particle level for the C/A
algorithm to pick out. This causes the axes (AR) at detector level to be separated

further than at particle level.

4.3.5 7'2/7'1

The 75 /7; distributions at truth and detector levels are shown in figure 4.13, for
each reclustering algorithm. Similar to the case for AR, the corresponding truth and
detector level distributions for 72 /7; are similar across all four algorithms, suggesting
that the unfolding procedure will only need to apply small corrections. Loss of tracks
due to the finite tracking efficiency at detector level, moves the returned axes closer
to the remaining tracks in the jet. This reduces the contribution of these tracks
to the 7, variable, more than their contribution to 7;. This translates as a shift
of the detector level 75/7; distributions to lower values, for all four algorithms.
Additionally, the loss of tracks due to the finite tracking efficiency increases the

number of two-tracked jets, which have a 75 /7; = 0 value.

4.3.6 Response Matrices

The response matrices used for the unfolding procedures, are four-dimensional ob-
jects constructed from the truth and detector level simulations. Their dimensions
are the pjzft’Ch and jet shape, at both the truth and detector levels. Jets matched at
truth and detector levels, form the entries into the response matrices. Due to the
complexities in visualising four-dimensional objects, two-dimensional projections of

the pj;t’Ch, AR and 75 /7; axes (at truth and detector level) of the response matrices
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Figure 4.13: The truth and detector level 75/7; distributions are shown for each
reclustering algorithm, at 40 < pjff’qfrlzth < 60 GeV/c.

are shown in figures 4.14, 4.15 and 4.16 respectively. The clear diagonal correlations
between truth and detector levels for all three variables, emphasise that only small

corrections are expected via the unfolding procedure.

It should be noted that the exact mapping between truth and detector levels in
each response matrix, is to some extent influenced by the choice of MC used to
generate the truth level. A complete study should therefore reproduce the response
matrices using a variety of different event generators and evaluate the differences
on the unfolding procedure. However, the framework available for this analysis
did not permit the use of any MC generators other than PYTHIA 6. This work

has attempted to partially remedy this by reweighing the response matrices when
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evaluating the prior systematic (see Appendix B.4).
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Figure 4.14: The two-dimensional projections of the truth vs detector level pj;t":h

components of the response matrix are shown.

4.4 Unfolding

The unfolding procedure corrects the measured raw data for detector effects, as
described in section 2.4. The ingredients used for unfolding are the raw pj;t’Ch
and jet shapes as shown in sections 4.1 and 4.2, along with the response matrices

constructed in section 4.3.6.

441 Raw Data Statistics

The raw data are inputted as 2D distributions of pj;t’Ch and jet shape. These input

matrices are required to be rectangular, with all bins containing counts (no empty

1072

107

107
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Figure 4.15: The two-dimensional projections of the truth vs detector level AR
components of the response matrices are shown, for each reclustering algorithm.

bins). Under the rules of matrix multiplication, this binning should be mirrored by

that of the detector level quantities in the response matrix.

The input ranges for the pj;t’Ch and AR shape are 20 — 80 GeV/c and 0 — 0.5
respectively. The input ranges for the 75/7; jet shape vary for each reclustering
algorithm, whilst the pj;t’Ch ranges remain at 20 — 80 GeV/c. The 75 /7; ranges are
0—1.2,0.2—1.0 and 0 — 0.9 for the k7, C/A and soft drop with C/A reclustering
respectively. The C/A with minimisation case keeps the same binning as the default
C/A. The raw input matrices are shown in statistical form in figures 4.17 and 4.18,

for the unfoldings involving AR and 7, /7; respectively.

To ensure the counts in each bin are statistically significant, it is usual to require
that at least ten counts per bin are supplied as input to the unfolding. However,

this analysis is exploring and pushing the statistical reach of the data sets available
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Figure 4.16: The two-dimensional projections of the truth vs detector level 75 /7;
components of the response matrices are shown, for each reclustering algorithm.

at the ALICE experiment, by extending the jet resolution to R = 0.4 and slicing
the data in two dimensions of pj{ft’Ch and shape. Therefore, the analysis is continued
to the unfolding stage, noting the lack of usual statistics in some bins. Unfolding

tests will be used to determine the stability and validity of the final results.

4.4.2 Efficiency Correction

The measured data sample entered into the unfolding procedure, is limited in its
pj{ft’Ch and shape ranges due to statistical constraints. The entries into the response
matrix must mirror these ranges (cuts) at detector level. In addition to migrations
between truth and detector level bins within these ranges, the unfolding accounts

for entries in truth level bins outside these cuts which end up within these ranges

at detector level. However, unfolding cannot account for jets that have truth level
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Figure 4.17: The raw data input matrices are shown in statistical form, in differential

bins of pj;t’Ch and AR, for each reclustering algorithm.

values inside these cuts but are migrated out of these ranges due to detector effects,
since they are not part of the response matrix. A separate efficiency correction is

applied to the final unfolded solution, to account for these jets.

This efficiency correction is calculated for each bin, by taking the ratio of truth level
distributions, measured for jets with and without the above cuts applied at their

detector level. This produces the fraction of counts in each bin, at truth level, whose
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Figure 4.18: The raw data input matrices are shown in statistical form, in differential

bins of pj;t’Ch and 74 /7, for each reclustering algorithm.

detector level values were within the detector level cuts. The unfolded result is then

divided by this distribution, to obtain the final fully corrected result.

The calculated efficiency distributions are shown in figures 4.19, 4.20 and 4.21 for the

pj;t’Ch, AR and 7p/7; variables respectively. Since the final results of this work will

be presented in bins of jet shape, only the shape efficiencies are applied. However, it

is important to ascertain that the pj;t’Ch efficiency correction for the presented 40 <
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pj;t’Ch < 60 GeV/c range, is small. The efficiency correction has a slight reliance

on the underlying physics of the simulation package used. Therefore, it is preferred
that the corrections are small. However, as can be seen from the figures, this is not
always possible; particularly at the boundaries of the detector level cuts, where a

larger fractions of the jets can be expected to have migrated out of these ranges.
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Figure 4.19: The efficiency correction is shown as a function of p%~®, for each

reclustering algorithm.

4.4.3 Unfolding Tests

The unfolding procedure requires several iterations, before converging onto a stable
(the true) solution. However, each subsequent iteration results in a larger statistical

error. Therefore, one of the first converging iterations must be chosen as the final
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Figure 4.20: The efficiency correction is shown as a function of AR, for each reclus-
tering algorithm.

result. A series of tests are devised to chose the best iteration, whilst simultane-
ously checking that the unfolding procedure is working correctly. Unless otherwise
specified, all tests are performed within the unfolded 40 < p"“" < 60 GeV/¢ range,
which is the range in which the final results are presented. For each test, only the

t,ch
Jet:eh were also calculated

results for the jet shapes are shown. The results for the p7
and are consistent with that of the shapes. They have therefore been omitted to
avoid repetition. The unfolding tests presented in this section, point to the fourth

iteration being the iteration of choice for both jet shapes, across all algorithms.
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Figure 4.21: The efficiency correction is shown as a function of 7,/7;, for each
reclustering algorithm.

4.43.1 Convergence Test

Convergence tests the stability of the unfolding procedure, by checking if the un-
folded iterations quickly converge onto a true solution. Figures 4.22 and 4.23 show
the convergence of the different iterations for the AR and 72 /7; jet shapes respec-

tively. All bins converge onto a solution within just a few iterations.

4.43.2 Refolding Test

Refolding determines the robustness of the response matrix and the subsequent

stability of the unfolding procedure. A stable unfolded solution, obtained using
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Figure 4.22: The convergence tests for the AR jet shape, at 40 < p%"" < 60 GeV /e,
are shown for each reclustering algorithm.

an appropriate response matrix, should be reversible. Folding back an unfolded
iteration, using the response matrix, should produce the original input. This folding
is performed for each unfolded iteration and the result is compared to the raw input
data. Iterations where the ratio of the two distributions are within 10% of unity
across all bins, are considered stable. For the AR and 7, /7; jet shapes, the refolding
is done for the full input range of 20 < pi*" < 80 GeV/c. The results are shown
in figures 4.24 and 4.25 respectively. The refolding tests are satisfied by the second

iteration and converge by the fourth iteration, across all bins.

For the AR jet shapes measured using the C/A algorithm, with and without min-

imisation, the refolding ratios in the last bin show a larger displacement from unity
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Figure 4.23: The convergence tests for the 75/7; jet shape, at 40 < pj;t’Ch < 60
GeV/c, are shown for each reclustering algorithm.

compared to the rest of the bins. This is due to the shape of these AR distributions,
which show a sudden discontinuity in this region (figure 4.12). This discontinuity,
coupled with the lower statistics in these bins, causes this small deviation of the ra-
tios from unity. Given these stipulations, the deviations are considered small enough

to be deemed reasonable for a stable unfolding.

4.43.3 Closure Test

Closure tests the validity of the unfolding procedure with the given response matrix

and statistical reach of the ingredients. MC simulations at detector level are used
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Figure 4.24: The refolding tests for the AR jet shape, at 20 < pi"" < 80 GeV/e,
are shown for each reclustering algorithm.

as the input into the unfolding procedure. Since the truth level for this input is
known, it can be compared to the unfolded solution to test the performance of the

unfolding.

For the purposes of this test, the MC data are split into two statistically independent
sets. 6.5% of the statistics, at detector level, are used as the input into the unfolding
procedure. This percentage reflects the statistics available in the raw measured data.
The other 93.5% of the statistics are used to construct the response matrix. The
unfolding is performed and the solution is compared to the truth level distribution
(in the unfolded range) of the initial 6.5% of the statistics. Since the input and

response matrix are statistically independent samples, a 10% (of unity) tolerance is
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Figure 4.25: The refolding tests for the 75 /7; jet shape, at 20 < pjTet’Ch < 80 GeV/e,
are shown for each reclustering algorithm.

set for a successful closure, to account for statistical fluctuations. The results of the
closure tests are shown in figures 4.26 and 4.27 for the AR and 75/7; jet shapes

respectively. By the third iteration, all bins satisfy the closure test.

4.43.4 Pearson's Coefficient

High (past the optimal) iterations of the unfolding can induce large statistical fluc-
tuations, which can in turn cause (anti) correlations between bins. The unfolding
procedure is most reliable (best iteration) when there is minimal correlation between

different bins. This is also dependent on the diagonality of the response matrix, with
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Figure 4.26: The closure tests for the AR jet shape, at 40 < pj;fﬁ,};th < 60 GeV/e,
are shown for each reclustering algorithm.

a more diagonal response expected to induce less correlations between unfolded bins.

The bin-by-bin correlations of the chosen unfolding iteration must be tested. The
Pearson’s coefficient is a measure of the correlation between two bins. To extract this
quantity, the covariance matrix from the unfolding is used. The covariance, oxy,
between two bins, X and Y, is defined as the expected product of their deviations

from their individual expected values and can be written as,

oxXy = (X -X)(Y -Y), (4.3)
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Figure 4.27: The closure tests for the 75 /7; jet shape, at 40 < pj;fg,?:;th < 60 GeV/e,
are shown for each reclustering algorithm.

which can can be simplified to

oxXy — W - Y? (44)

The Pearson’s coefficient between bins X and Y, pxy, can be calculated using the

covariance. This is given by,

g
PXy = S — (45)

VOX,XxO0vyY
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The value of the Pearson’s coefficient can be interpreted as follows: +1 shows a
maximum positive correlation, —1 shows a maximum negative correlation and 0
shows no correlation. Since the response matrices in pp are diagonal, for each bin

in a successful unfolding, very little correlation with other bins is expected.

The results for the calculated Pearson’s coefficients, for the fourth iteration of the
AR and 75/7; jet shapes, are shown in figures 4.30 and 4.29 respectively. For the
regions in the shapes where input data are provided, the unfolded solutions show
very little correlation between off diagonal bins. Diagonal bins exhibit maximum

self correlation, as expected.

4.5 Systematic Uncertainties

There are four sources of systematic uncertainty considered in this analysis. These
are the tracking efficiency, truncation, prior and regularisation errors. The tracking
efficiency error accounts for the event-by-event fluctuations of the tracking efficiency.
The truncation systematic investigates the effect of the finite (truncated) range of the
input data on the unfolding procedure. The prior error represents the dependence
of the unfolding procedure on the underlying simulation package used to construct
the response matrix. Regularisation takes into account the effect of the choice
of unfolding iteration, selected as the final result. More detailed descriptions of
each systematic uncertainty, along with the calculations required to obtain them,
are presented in Appendix B. Numerical tables, listing the contribution of each

systematic error, can also be found in Appendix B.

To calculate each systematic uncertainty, the unfolding procedure is repeated with
a modified response matrix and an alternative unfolded solution is obtained. Each

uncertainty is placed (per bin) in either a higher or lower category, depending on
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Figure 4.28: The Pearson’s coefficients for the AR jet shape, at 40 < P];t’ch < 60
GeV/ ¢, are shown for the fourth unfolded iteration for each reclustering algorithm.

the relative value of its unfolded solution, compared to the default result. For
the systematic uncertainties where two or more separate variations of the error are
considered, if the resulting solutions are on different sides of the default solution,
they each contribute to the corresponding upper or lower category. However, if they
are on the same side of the default solution, only the larger error is considered. The
systematic errors in each category (higher or lower) are added in quadrature for each

bin, to produce the overall shape (systematic) uncertainty.
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Figure 4.29: The Pearson’s coefficients for the 75 /7; jet shape, at 40 < pjTet’Ch < 60
GeV/c¢, are shown for the fourth unfolded iteration for each reclustering algorithm.

The relative contributions of each systematic uncertainty, compared to the default

solutions, are shown in figures 4.30 and 4.31 for the AR and 7, /7; jet shapes respec-

tively. The contributions of each systematic source vary across bins and algorithms.

The tracking efficiency and regularisation uncertainties tend to be the largest sources

of systematic error in most bins. In particular, the large tracking efficiency uncer-

tainties can be attributed to the low multiplicity of jets in pp collisions.
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Figure 4.30: The relative contributions of each systematic uncertainty for the AR

jet shape, at 40 < pj;t’Ch < 60 GeV/¢, are shown for each reclustering algorithm.

4.6 pp Results

Throughout the course of this chapter, the analytical steps involved in measuring
and unfolding the raw jet shapes have been presented. The final unfolded distri-
butions, with full systematic and statistical uncertainties, are shown in figures 4.32
and 4.33 for the AR and 75 /7; jet shapes respectively. These results are presented

at 40 < pjft’Ch < 60 GeV/c for all four algorithms. These figures also include the
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Figure 4.31: The relative contributions of each systematic uncertainty for the 74 /7,

jet shape, at 40 < pjjft’Ch < 60 GeV/¢, are shown for each reclustering algorithm.

measured raw jet shapes. As expected from the comparisons of truth and detec-
tor level MC simulations (see sections 4.3.4 and 4.3.5), the corrections from the
unfolding procedure are small. Since the measured raw and unfolded distributions
are similar, the same conclusions that were presented for the different shapes and

algorithms at raw level (section 4.2), also hold for the unfolded solutions.

The AR distributions for the hard scale sensitive algorithms (k7 and soft drop with
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Figure 4.32: The fully corrected AR distributions in pp collisions are shown, along

with their associated statistical and systematic uncertainties, at 40 < pj;t’Ch < 60

GeV/c for each of the reclustering algorithms. The raw AR jet shapes, measured
at 40 < pi"* < 60 GeV/c in pp collisions, are also provided for comparison.

C/A reclustering), peak at small values. This indicates that the hard splittings of
the jets are primarily situated in a small core. The 75/7; distributions peak at
jet,ch

~ 0.6, showing that the majority of the p7."™" is situated within this core. This is

consistent with the strongly collimated, single-core nature of QCD jets.

The AR distributions measured using the soft scale sensitive algorithms (C/A with
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Figure 4.33: The fully corrected 72 /7; distributions in pp collisions are shown, along
with their associated statistical and systematic uncertainties, at 40 < pj{ft’Ch < 60
GeV/c for each of the reclustering algorithms. The raw 75 /7; jet shapes, measured
at 40 < pji‘vet’Ch < 60 GeV/c in pp collisions, are also provided for comparison.

and without minimisation), peak at the jet radius. This indicates that some radi-
ation appears at large angles from the jet core. The 7,/7; distributions measured
jet,ch

with these algorithms peak at ~ 1, indicating that the bulk of the p7."™" is only

correlated to one of the returned axes (the one in the core).

The performances of the algorithms in pp collisions (vacuum), can hint to their
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possible performances in the heavy ion environment of central Pb-Pb collisions. The
kr and soft drop with C/A algorithms have shown to be sensitive to the hard scale
physics within the jet. As such, they will be the primary algorithms for investigating
the physics of interest in Pb-Pb collisions (QGP medium). The k7 algorithm has
the advantage of being pr sensitive by construction, which could make it resilient to
the soft large angle radiation of the heavy ion background. Even though the C/A
algorithm has no such resilience, the inclusion of the soft drop groomer appears
to remove large angle soft radiation from the jet and uncovers the hard splittings.
Due to this extra grooming step, it has the potential to remove a larger amount of
the heavy ion background and uncover the hard splittings more cleanly than the kp
algorithm. However, this is dependent on the extent to which the soft drop groomer,
with the given parameters, is successful at removing this background in heavy ion

collisions. This will be tested in the following chapter.

The C/A algorithm shows a strong sensitivity to large angle tracks within the jet
cone, which are predominantly soft. As such, it is expected to be dominated by the
large heavy ion-background. This limits the impact of this algorithm in probing the
substructure of the fragments arising from the scattered parton. The minimisation
procedure could have a larger effect in Pb-Pb collisions compared to pp, due to the
higher multiplicities present in the jet cone. This will be tested in Pb-Pb collisions.
Despite its projected lack of impact, the C/A algorithm will still be measured in
Pb-Pb collisions, to serve as a benchmark when considering the effects of the soft

drop groomer and minimisation procedures.



CHAPTER b

Pb-Pb Analysis

In this chapter, the tools developed during the pp analysis will be applied to the
much more challenging environment of central Pb-Pb collisions. The large heavy
ion background necessitates the application of additional procedures, including back-
ground subtraction and the rejection of combinatorial jets. Response matrices are
constructed by embedding MC generated jets into Pb-Pb data. For the 75/7; jet
shapes, a two-dimensional Bayesian unfolding procedure is applied to correct the
raw distributions, for background fluctuations and detector effects, in both shape
and pjft’Ch simultaneously. It will be shown that the unfolding procedure is unstable
for the AR shapes and only an uncorrected result can be presented. Four different
reclustering algorithms are employed to calculate the jet shapes, as discussed in

section 2.1.2. For the steps in the analysis where the process is identical to that em-

ployed in pp collisions, as described in chapter 4, the methodology will be referenced
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to the appropriate section of the chapter and only the results will be shown.

5.1 Clustering Jets

The anti-k7 algorithm, with a jet resolution of R = 0.4, is used to cluster tracks
measured by the detector into jets. Only the 0 — 10% most central events (see
section 1.1.3) are considered, as these contain the largest and longest lived QGPs.
The average event-wise background contribution is then removed on a jet-by-jet
basis, from both the pjj‘ft":h and shape, as described in section 2.2. Constituent
subtraction is the default background subtraction method used in this analysis, with
derivative subtraction employed as a systematic cross-check where possible. The
performance of these methods will be discussed in the next section. A pj;t’Ch > 20
GeV/c cut is enforced, after background subtraction, as jets below this threshold are
almost entirely combinatorial in origin. Similar to the case in pp, only jets with at
least two tracks are accepted, since this is the minimum requirement for calculating

the AR and 75 jet shapes.

This inclusive sample yields approximately 6.7 million jets, with the pj{ft’Ch distribu-
tion shown in figure 5.1. A comparison to the inclusive pj;t’Ch spectrum measured
in pp collisions (figure 4.1) is also presented. For the purposes of this comparison,
the minimum pj;t’Ch threshold for the pp sample has been increased to 20 GeV/c
(from its original cut-off at 10 GeV/¢). It can be seen that for p%s"“ < 60 GeV/e,
the Pb-Pb distribution has a steeper slope than the pp case. This is due to the con-
tribution of combinatorial jets, which originate from the heavy ion background. At

larger pj;t’Ch values, where combinatorial jets are suppressed, the Pb-Pb distribution

follows a similar power law behaviour as the one observed in pp.

The ¢/¢“" and 7" distributions are shown in figures 5.2 and 5.3 respectively.
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Figure 5.1: The inclusive p%"“" distributions, measured in the pp and 0 — 10% most
central Pb-Pb collisions, are shown.

The non-flat ¢7*" distribution is due to the exclusion of one of the hybrid track
classes from the data set. This class, which requires no SPD hits or ITS refits
(see section 3.4.2.4), accounts for only 6% of the total track population. Despite
this small percentage, its exclusion has an effect on the uniformity of the @treck.ch
distribution. This non-uniformity is further magnified when looking at the ¢7¢t"
distribution of jets with a high minimum pjTet’Ch threshold. The reason for the larger
induced azimuthal non-uniformity in the jet population, compared to the track
population, arises from the power law like distribution of the pjT“"t’Ch. A reduction in
the population of tracks in a given region of phase space, causes a downward shift
of the pj;t’Ch scale. Since the yield of jets is largest at low pj;t’Ch, this downward
shift causes a significant number of jets to fall below the minimum pj;t’Ch threshold,
inducing a large loss of jets in this region of phase space. The 77¢" distribution,
follows the shape of the charged track n distribution [123]. The non-uniformity of

the track n°* distribution is also magnified when clustering jets. Since the jet shapes

measured in this analysis have no dependence on the n and ¢ of the jet, within the
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limits of the detector acceptance, the non-uniformity of these distributions has no
impact on the final results. Additionally, the normalisation of the jet shapes to the

number of total jets, further mitigates against any potential effects.

0-10% Pb-Pb |s, = 2.76 TeV
Anti-k; charged jets, R = 0.4
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Figure 5.2: The ¢/*“" distribution, obtained for the measured Pb-Pb data sets, is
shown.
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Figure 5.3: The n/¢t“" distribution, obtained for the measured Pb-Pb data sets, is
shown.
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The number of charged tracks clustered per jet, is shown in Fig 5.4. A comparison
is provided between the constituent subtraction method, where the background is
subtracted at track level and the area-based subtraction method, where no subtrac-
tion is applied to the tracks and only the pjﬁt’Ch is corrected. The corresponding pp
jet,ch

distribution, which is the same as figure 4.4 with the added requirement of p7.

> 20 GeV/c, is also presented.
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Figure 5.4: The number of charged tracks clustered per jet, obtained for the mea-
sured Pb-Pb data sets, is shown.

The presence of the heavy ion background (red), overwhelms the true jet signal in the
jet cone. Even though constituent subtraction (blue) is successful at removing much
of this background, the number of tracks remaining is still significantly larger than
the number of jet constituents in pp collisions (green). This can be partly explained
through the fragmentation differences of jets in central Pb-Pb and pp collisions,
as traversing the QGP induces radiative energy losses in the jet. This radiation
is partially recovered in the jet cone. However, there is also a large contribution
from the remaining background, which has not been removed by the subtraction

mechanism. The subtraction removes the average event-wise background from the
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jets. Therefore, local fluctuations in the background can cause the subtraction
mechanism to under-subtract or even over-subtract the background contribution.
This highlights the importance of the unfolding procedure in fully correcting the

jets of these background fluctuations.

5.2 Background Subtraction Performance

The performance of the background subtraction techniques used in this analysis
are tested via an embedding procedure. MC generated jets are embedded into
real 0 — 10% central Pb-Pb data and are clustered again in the presence of the
heavy ion background. Background subtraction is then performed at this embedded
level and the jets are matched to the their truth level counterparts (for further
details on embedding see section 5.4.1). In this way, background subtracted jets
can be compared to their truth level, background free, state. This background
subtraction procedure only removes the event average background from each jet.

Local fluctuations in the background are removed via the unfolding procedure.

The effect of background subtraction on the measured jet shapes, is discussed below
for all four reclustering algorithms. Each shape is presented in the same pj:/?,t’TC!thh
range as its final presented result. For the AR shape (uncorrected final result) this
is 80 < pjTef’;r};th < 100 GeV/e, whilst for the 72 /7, shape (fully corrected result) it
is 40 < pj;’t’TCTZth < 60 GeV/c. In the plots shown in this section, the truth level is
displayed in blue, whilst the unsubtracted embedded level is displayed in black. The
two background subtraction algorithms considered are constituent subtraction (red)

and second order derivative subtraction (green), which are described in sections 2.2.2

and 2.2.3 respectively.
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52.1 AR

The performances of the background subtraction algorithms on the AR jet shapes,
are presented in figure 5.5. Due to the differing sensitivity of the reclustering algo-
rithms to remaining soft background, the performances of the subtraction algorithms
vary depending on the reclustering algorithm used. The k7 and C/A with soft drop
algorithms are sensitive to hard splittings in the jet, which are picked out at truth
level. The resultant distributions peak at small values of AR, due to the single-core
nature of QCD jets. The presence of the heavy ion background shifts these distribu-
tions to significantly higher values, approaching the jet radius, by replacing one of
the hard splitting axes with a “fake” soft axis. It can be noted that, at this unsub-
tracted level, the soft drop algorithm is unsuccessful at removing the background
contribution at large angles from the jet axis. This background contribution over-
whelms the “true” jet signal (see figure 5.4) and always provides a substructure with

at least 10% of the pj;t’Ch, which is the criteria for passing the soft drop condition.

Both subtraction procedures attempt to remove the average event-wise background
contribution from the jet. For the case of the kr reclustering, the subtractions
have moderate success and manage to correct part of the jet sample back to the
truth level. However, a large proportion of the jet sample is not fully corrected,
which induces a large second peak at high AR. Constituent subtraction performs
slightly better than derivative subtraction on the shape obtained with this reclus-
tering algorithm. For the case of soft drop with C/A reclustering, the combination
of background subtraction and soft drop grooming manages to successfully remove
the large angle soft background from a larger proportion of the jet sample than in
the kp case. However, a substantial second peak at large AR still persists. For
this particular reclustering algorithm derivative subtraction is not performed, as it

is computationally incompatible with the soft drop procedure.
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Figure 5.5: The performances of the constituent (default) and second order deriva-

tive background subtraction algorithms on the AR jet shape are shown, at 80 <

pf;f;TZth < 100 GeV/¢, for each reclustering algorithm.

For the case of the C/A algorithm, the presence of the background moves the un-
subtracted distribution to larger values compared to the truth level. The heavy ion
background guarantees the presence of radiation at large angles from the jet axis,
which draws the second reclustering axis towards it. For the case of the C/A al-
gorithm followed by a minimisation procedure, the minimisation has a larger effect
on the AR distribution in the presence of the background compared to the vacuum
(truth level). This is due to the larger number of tracks clustered into the jet cone,

which provide more opportunities for local minimisation.

For the C/A case, the subtraction procedures are largely unsuccessful at correcting
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the AR jet shape back to truth level, since even a single remaining track at large an-
gles can pull the second reclustering axis towards it in this algorithm. The derivative
subtraction procedure is slightly more successful than the constituent subtraction,
since the latter corrects jets at track level. This can sometimes lead to tracks being
modified, rather than fully removed, leaving soft tracks at large angles. For the case
of C/A followed by a minimisation procedure, the combination of the subtraction
and minimisation processes does a much better job of correcting the jet shape back

to truth level, compared to the default C/A case.

5.2.1.1 Uncorrectable Distributions

The double peak structures of the AR distributions at subtracted embedded level,
for the hard scale sensitive reclustering algorithms, prohibit stable unfolding. The
mapping of the response matrices contain two equally probable regions at embedded
level, for the same values at truth level. These correspond to both the portions of
the jet sample that have been contaminated by the soft “fake” axes (large AR values
at embedded level) and the portions which have had this contamination succesfully
removed by the subtraction algorithms (low AR values at embedded level). Due to
this structure of the response matrix, the unfolding procedure fails to converge onto

an unfolded solution (this will be shown in section 5.5.3.1 for the k7 and soft drop

with C/A algorithms).

For the case of the soft scale sensitive reclustering algorithms, both algorithms suffer
from a lack of adequate statistics at low AR in the measured data sample, as shown
in figure 5.6. Therefore, a rectangular input matrix, with counts in each bin, can-
not be constructed. This also renders the unfolding unstable, which is particularly
apparent in the refolding tests (these will be shown in section 5.5.3.2). As such,

further processing of the AR jet shape, with the aim of obtaining a fully unfolded
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solution, will be stopped at this stage. Instead, a comparison of the inclusive mea-
sured distribution, to the subtracted embedded level, is presented at the end of this
chapter for the ky algorithm. This represents an uncorrected final result, which is

the best solution possible, given the stipulations above.

100 100prrr
C C/A Reclustering J C C/A + Minimisation Reclustering
90? i 90? =
80F 3 80F s
70; 2 3 % é 70; 6 18 66 —
5 60 5 w0 |
-li '_ i 2 6 155 7: -401 '_ i 12 39 105 E
Q 50; 3 2 18 347 E Q 50; 1 9 74 269
40? 7; 40? -
30- s 30- s
205 = 20F s
10:*”‘\mwuHmmmmuumm\mr: 10:*”m‘H\HH\mmmmmmmmr
0 005 0.1 015 0.2 025 0.3 0.35 04 0 005 0.1 015 0.2 025 0.3 035 04
AR AR
(a) C/A (b) C/A + minimisation

Figure 5.6: The raw data input matrices are shown in statistical form, in differential

bins of pjjft’(:h and AR, for the soft scale sensitive reclustering algorithms.

522 T1

The axis returned by each reclustering algorithm for the N = 1 case at truth level
(described in section 4.2.2), is similar across all algorithms, with only slight mod-
ifications due to soft drop and minimisation. As shown in figure 5.7, the same
arguments still hold at the embedded level. The homogenous nature of the heavy
ion background causes no significant modification of the returned axis, compared to
truth level. However, the distribution of the tracks around this axis has changed.
The heavy ion background is uncorrelated to the initial hard scatter and smears the
one-prong structure of the QCD jets. In effect, the jet is broadened without any

significant displacement of its axis. This results in a large shift to higher values
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of 7;. The distributions are similar between the different algorithms, due to the

background overwhelming the “true” jet signal.
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Figure 5.7: The performances of the constituent (default) and second order deriva-

tive background subtraction algorithms on the 7; jet shape are shown, at 40 <

pjﬁf’Tcr};th < 60 GeV/¢, for each reclustering algorithm.

For all four reclustering algorithms, the background subtraction techniques partially
correct the shapes towards truth level, with constituent subtraction slightly outper-
forming derivative subtraction. However, since the background is not fully removed
from the jet cone in the majority of cases, the subtracted distributions are larger
than their truth level counterparts. Given that the axis definitions are similar for all
four reclustering algorithms, the subtracted 7; distributions are also similar. The
only exception arises from the soft drop groomer which, when combined with a

background subtraction technique, has a larger impact on correcting the shape back
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to truth level. This is due to the further removal of soft radiation at large angles

from the jet axis, by the grooming procedure.

523 T2

As shown in figure 5.8, the 7, distributions at truth level are visually similar for

both the kr and C/A reclustering algorithms. The minimisation procedure induces

only a small modification. The effect of the soft drop groomer is larger, since the

removal of soft large angle radiation increases the possibility of uncovering a hard

splitting.
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Figure 5.8: The performances of the constituent (default) and second order deriva-
tive background subtraction algorithms on the 7, jet shape are shown, at 40 <

jet,ch
pT,Trut

, < 60 GeV/c, for each reclustering algorithm.
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The presence of the heavy ion background shifts the 7, distributions to significantly
larger values, compared to truth level, since it obscures any one or two-prong sub-
structure in the jet. The subtraction techniques correct the shapes back towards
truth level with moderate success, with constituent subtraction once again outper-
forming derivative subtraction. However, the subtracted distributions still show a
displacement relative to the truth level. This is due to the remaining uncorrelated
heavy ion background smearing the substructures in the jet. For the hard scale sen-
sitive reclustering algorithms, in some cases, the heavy ion background can replace
one of the returned reclustered axes with a soft large angle “fake” axis, as described

in section 5.2.1.

5.2.4 TQ/T_Z

In vacuum, the ratio of 75 /7, is sensitive to the key physics differences between the
7; and 7, distributions, which are not easily visible by eye. At truth level, the 75 /7;
distributions for k7 and C/A preceded by soft drop algorithms are sensitive to both
two-prong jets (low 75/7;) and hard substructure in one-prong jets (intermediate
72/71). The 75/7; distributions for the C/A algorithm, with and without minimi-
sation, tend to unity due to the insensitivity of the reclustering to the py scale of

the substructures.

As shown in figure 5.9, the heavy ion background shifts the unsubtracted 74 /7;
distributions towards higher (less two-prong) values, compared to the truth level,
for the hard scale sensitive reclustering algorithms (kr and C/A with soft drop).
This is due to the obscuration of substructure within the jet by this background.
Even though the background subtraction techniques only had moderate success at
correcting the 7, and 7, jet shapes, the ratios of the subtracted shapes exhibit an

almost full correction back to truth level. The 7y jet shapes are sensitive to the pr
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Figure 5.9: The performances of the constituent (default) and second order deriva-

tive background subtraction algorithms on the 75/7; jet shape are shown, at 40 <

pf;f;TZth < 60 GeV/c, for each reclustering algorithm.

of the jet constituents. Therefore, the shifts of the jet shapes due to the remaining

uncorrelated soft background are suppressed in their ratio.

For the case of the C/A algorithm, with and without minimisation, the unsubtracted
distributions undergo a shape change relative to the truth level, with their means
shifting to larger values whilst their peaks move in the opposite direction. As with
the other reclustering algorithms, the presence of the heavy ion background over-
whelms the true jet signal and dictates the position of the second reclustered axis.
The unsubtracted 72 /7; distributions for the C/A algorithm are therefore similar to

the distributions obtained with the hard scale sensitive algorithms. The smearing of



53. RECOIL JETS 152

single-core QCD jets, shifts the peaks of the 75/7; distributions obtained with the

C/A algorithm, to slightly lower values than unity.

An improved subtraction correction is also observed for the C/A algorithm, with
and without minimisation, when taking the 7,/7; ratio (compared to the cases
for 7; and 7). However, this is only true when using constituent subtraction.
Derivative subtraction does not reproduce the shapes back to truth level well. For
both reclustering algorithms, there is still a noticeable displacement between the
constituent subtracted and truth level distributions. This displacement is larger
for the case with minimisation, where the shape is over subtracted. This is due
to the minimisation procedure having a larger effect on 7, than 7;, as it has more
opportunities to minimise when given the extra axis. The effects of minimisation also
increase with increasing track multiplicity. Therefore, the minimisation procedure
at the subtracted level is more successful than at the truth level and shifts the

distribution to slightly lower values.

Constituent subtraction performs well for the 75/7; jet shape, in correcting the
embedded level back to the truth. Therefore, only small corrections are expected
via the unfolding procedure. For the cases of C/A, with and without minimisation,
a large subtraction systematic error (see section 5.6) is expected, due to the large

differences between the subtraction algorithms.

5.3 Recoil Jets

The response matrices obtained via the embedding procedure, only contain entries
for jets originating from a hard scatter. Combinatorial jets, which are a manifes-
tation of fluctuations in the heavy ion background (see section 2.3.1), cannot be

simulated and have no truth level (obtained in the vacuum) associated with them.
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Therefore, in order to successfully unfold the data set and correct for detector effects

and background fluctuations, the input sample must be free of combinatorial jets.

One method of obtaining this pure jet sample, for jets with a resolution of R = 0.4,

. . iet.ch .
is to choose a high p%"“" range when making measurements. For the uncorrected

inclusive distribution of AR, presented at the end of this chapter, a pj;t’Ch range of
80 — 100 GeV/c¢ is chosen. Up until this pjft’d‘, the fraction of combinatorial jets are
still significant in the measured sample. However, the data set used in this analysis
falls short of the required statistical reach to unfold jets at this pj;t’Ch. Additionally,

o . o : jet, ch
there is interest in measuring jets across a wide range of the p7"“" phase space,

. . : et ch
including measurements of jets at low pZ"“".

An alternative approach is to select a yield of jets, from the inclusive jet distribution,
which is free of combinatorial jets. This can be achieved by using the semi-inclusive
hadron-jet coincidence technique, as described in section 2.3.2, to obtain a recoil jet

sample.

. jet,ch
5.3.1 Recoil p’;

Two exclusive high p$" trigger hadron classes are selected. The chosen p$* ranges
are 15—45 GeV/c and 8 —9 GeV/¢, for the signal and reference classes respectively.
Jet finding is performed in a window (A¢) of m — A¢ < 0.6 with respect to the
trigger hadron. The trigger hadron classes are chosen to be at a high enough p$* so
as to guarantee a hard scatter origin, but sufficiently separated to still have a large
enough difference yield of true (hard scatter origin) jets. The trigger hadron classes
selected in this analysis, maximise the available statistics, whilst maintaining the
above requirements. Figure 5.10 shows the pjTet’Ch yields for the signal and reference

classes, along with their difference yield obtained using the methods described in

section 2.3.2. The area-based subtraction method, described in section 2.2.1, has



53. RECOIL JETS 154

been applied to the distributions in this figure to correct the jet energy scale. This
is in contrast to all following figures, where the subtraction algorithm used will
be constituent subtraction. However, consitutent subtraction has a computational
hard coded cut-off at pjft":h = 0 GeV/¢, which is not optimal for the purposes of
this figure. The distributions of pjTet’Ch > 0 GeV/c, are independent of the choice of
subtraction algorithm used. The number of trigger hadrons obtained in the signal

and reference classes are 71,687 and 69, 337 respectively.

10;\ T T T T T T T T T T T T T T ‘ T T T ‘ T T T ‘ T T \E

E — TT{15,45} 3

[ — TT{8,9} N

1 E TT{15,45} - TT{8,9} E

< - I
e a0 0-10% Pb-Pb |5, = 2.76 TeV |
G—J\Ql_lo E -~ - Anti-k; charged jets, R = 0.4 §
o] 2: - - - Ap < 0.6 .
= 10°¢ . — E
Z F - _ :
o 107°%E - —_— E
2 z . i 3
Z 104k ,: —_ .
~ E — E
— F * —|—_'____ 3
10° ¢ —+ —

g —— 3
10—67”‘\”‘m”m”m”m”m”\”7

40 -20 0 20 40 60 80 100 120
pJTet’C / GeVlc

Figure 5.10: The pj;t":h yields for jets recoiling from two exclusive high pr trigger
hadron classes of TT{15 — 45} GeV/c and TT{8 — 9} GeV/c, are shown. The

difference yield of these two classes is also plotted.

The negative pjTet’Ch regions are populated by jets with a pjTet’Ch lower than the average

event-wise background p$?, which is removed from all jets on an event-by-event
basis. The low pjTEt’Ch regions are dominated by combinatorial jets, which leads to

only small differences in the yields of the signal and reference classes. This difference

yield, which represents a combinatorial free jet yield, increases with increasing p]}emh
as more jets originate from a hard scatter. With increasing pjTet’Ch, the difference

yield approaches the signal yield.
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5.3.2 Extension to 2D

The Recoil method has been extended to two dimensions, for the first time, in

this analysis. The two-dimensional reference distribution is subtracted from the

two-dimensional signal yield, as described in section 2.3.2. This results in a two-

dimensional difference yield, calculated in bins of pj:,ft’Ch and shape. Figure 5.11

illustrates this subtraction pictorially. Constituent subtraction has been used to

subtract the average event-wise background from the jets.
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Figure 5.11: The two-dimensional pj;t’Ch and 72 /7; yields are shown for the signal
(TT{15 — 45}), reference (T'T{8 — 9}) and difference (TT{15 — 45} — TT{8 — 9})

classes, using the kr reclustering algorithm.

Shape distributions are projected from the two-dimensional difference yield, in given

bins of pj;t":h. Figure 5.12 shows the projected signal, reference and difference yields

for the 75 /7; jet shape, measured using the kr reclustering algorithm, in three in-

creasing bins of pjz‘ft’Ch. As the pj:,ft’Ch is increased, the difference yield approaches the
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signal yield. This is indicative of a suppression in the contribution of combinatorial

: I : jet, ch
jets with increasing p7."“".
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Figure 5.12: The signal (TT{15 — 45}), reference (TT{8 — 9}) and difference
(TT{15 — 45} — TT{8 — 9}) yields are shown for the 75/7; jet shape, in three

consecutive bins of pjTEt’Ch, using the k7 reclustering algorithm.

The constituent subtracted recoil shapes (projections of the difference class) will
be presented below. The effects of the remaining background on the shapes have
already been discussed in section 5.2. The remainder of this section will be used to
investigate the pj;t":h dependence of the shapes and present the uncorrected 75/7;

recoil distributions at 40 < pjTEt’Ch < 60 GeV/ ¢, which will be fully corrected via the

unfolding procedure.



157  CHAPTER 5. PB-PB ANALYSIS

533 71 1
The 7; recoil shapes are shown in figure 5.13, for three consecutive bins of pjj‘ft’Ch.
These are 20 —40, 40— 60 and 60 —80 GeV/c. The distributions shift to lower values

with increasing pj:,?t’Ch. This trend is similar to the one observed in pp collisions (fig-

ure 4.6) and is attributed to the collimation of jets with increasing pj;t’Ch. However,
for the 60 < pj;t’Ch < 80 GeV/c bin, the shift is more pronounced in Pb-Pb colli-
sions than in pp. This is due to the presence of the remaining background in the jet,
which competes with the collimation and shifts the distributions to higher values.
For high pj:ﬁt":h jets, the background comprises a smaller percentage of the overall
pjTet’Ch. Therefore, the effect of the background on the distributions is reduced with
increasing pjTEt’Ch, causing a smaller shift to higher values. When combined with the
effects of the collimation, this results in a larger relative shift to lower values with
increasing pj;t’Ch, in Pb-Pb collisions compared to pp collisions. Similarly, the soft
drop groomer is also more effective at removing large angle soft radiation in higher
jet,ch

pr " jets, since the background is less likely to form a structure which amounts to

at least 10% of the overall p/s"".

5.3.4 To

The 75 recoil shapes are shown in figure 5.14, for the same three consecutive bins

of pjTet’Ch as in the 7, case. As with the case for 7;, the trend is similar to that

observed in pp collisions (figure 4.7), with the distributions shifting to lower values

with increasing p%"“". However, the difference in the shift of the 60 < plc” < 80

GeV/c bin, between Pb-Pb and pp, is larger for the 7, shape than 7;. In addition

to the reasons given in the section above for this behaviour, the smaller proportional
jet,ch

contribution of the background at high p7.""" reduces the contamination of “fake”

soft axes. Therefore, the hard scale sensitive reclustering algorithms can pick out
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Figure 5.13: The difference yields (TT{15—45} — TT{8 — 9}) are shown for the 7,

jet shape, in three consecutive bins of p]ft’Ch, for each of the reclustering algorithms.

the hard splittings in the jets more often. This is particularly apparent when using
the soft drop groomer, since it removes soft radiation at large angles from the core,

which further reduces the background contribution.

535 T5/7;

The 75 /7; recoil shapes are shown in figure 5.15, for the same three consecutive bins

of pjj‘ft’Ch as in the 7; and 7, cases. Similar to the case in pp collisions (figure 4.8), no

strong pjTet’Ch dependence is seen when taking the ratio of the 7, and 7; values, for

any of the algorithms. The only exception is the case involving minimisation, where
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Figure 5.14: The difference yields (7T {15 45} — TT{8 —9}) are shown for the 7
jet shape, in three consecutive bins of p" " for each of the reclustering algorithms.

the distribution shifts to higher values for the 60 < p’* " < 80 GeV /¢ bin. However,
it is important to note that the distribution contains large statistical errors at this
jet,ch

p7r° ", which can cause fluctuations in the data points. This makes the extent of a

shift (if any) less clear.
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Figure 5.15: The difference yields (T7{15 — 45} — TT{8 — 9}) are shown for the

To/7T; jet shape, in three consecutive bins of p]ft’Ch, for each of the reclustering

algorithms.

5.4 Embedding Response

5.4.1 Embedding

The response matrices used to unfold the Pb-Pb data (see section 2.4.2), are con-
structed via an embedding process. Particle level MC jets are generated using
PYTHIA. They are subsequently passed through a reconstruction of the ALICE de-
tector using GEANT4 (see section 4.3.1), incorporating detector effects. This results
in a set of detector level jets, which are matched to their particle level counterparts

geometrically. The detector level jets are then embedded into real 0 — 10% most
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central Pb-Pb events. Jet clustering is performed in the presence of the heavy ion
background. If required, background subtraction can be performed, at this stage,

on these embedded level jets.

The embedded level jets are then matched geometrically to their detector level coun-
terparts, to create a one to one matching. For this matching, there is an additional
requirement that the PYTHIA tracks present in the embedded level jet, contain
at least 50% of the matched detector level jet’s p];t’Ch. In this way, through a se-
ries of matchings, embedded level jets can be compared back to their truth level
counterparts. This comparison highlights both the impact of the Pb-Pb background
and detector effects on the jets. The detector effects were shown to be small in
section 4.3. Therefore, any large differences between the truth and embedded levels

are due to the effects of the heavy ion background.

The matched truth and background subtracted embedded level jets, form the entries
into the response matrices. In addition to the detector effects encoded into the
response matrices in the pp analysis, the Pb-Pb response matrices also include the
effects of background fluctuations across the event sample. These will be corrected

from the input jet sample through the unfolding procedure.

54.1.1 plh™ Cut

The truth and detector level MC simulations used for the Pb-Pb analysis, are the
same as those described for the pp analysis in section 4.3.1. However, the centre of
mass energy of the collisions has been reduced to /s = 2.76 TeV, inline with that
of the data. The only other difference compared to the pp analysis, is that there is
no pi“" cut imposed on jets at the detector level. Instead, a pi“" > 20 GeV/c
cut is introduced at the subtracted embedded level. This is the minimum embedded

level pj:,ft’Ch that will be used to construct the response matrices for the unfolding
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procedure. Therefore, this cut is placed to minimise the size of the embedding data

files.

5.4.2 Weighting

The same pr hard bins and weighting technique, used to construct the response
matrices in the pp analysis (see section 4.1), are used to merge the embedding
responses as well. The weights obtained for each pr hard bin, due to the interaction
cross sections, can be found in table A.2. These differ to the pp case due to the

different centre of mass energies of the collisions.

In addition to the above weights, there is an extra weighting factor that is also
applied when constructing the Pb-Pb response matrices. Since the input data into
the unfolding is a recoil sample, but the embedding is done with an inclusive sam-
ple, this weight parameter is used in order to transform the shape of the inclusive
truth level distribution to that of a recoil jet distribution. This facilitates a more
robust and stable unfolding. In order to calculate these weights, a recoil PYTHIA
distribution is generated at 0 < pj:,‘ffgpcr};‘nh < 160 GeV/c. The truth level inclusive
PYTHIA distribution, used for the embedding process, is also plotted in the same
pjTef’TCTZth range. This distribution is then scaled, such that the final bin (155 — 160
GeV/c¢) for both distributions coincide with one another, as shown in figure 5.16.
The ratios of the two distributions, in each pj;t’Ch bin, form the additional weight
components. 32 equally sized pj;t’Ch bins are constructed, from 0 — 160 GeV/c. The

respective weights, in increasing order of bin value, are presented in table A.3.

The final weight of each entry into the response matrix, is a product of the weight

of the pr hard bin in which it originated from and the additional inclusive to recoil

transformation weight, which is dependent on its truth level pj:,?t’Ch.
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Figure 5.16: The inclusive (scaled) and recoil PYTHIA pj;f;;’;th distributions, used
to extract the inclusive to recoil weights, are shown.

et ch
5.4.3 Merged pi"*

The final truth and subtracted embedded level distributions, obtained by merging
the weighted (both components of the weighting) jets from all pr hard bins, are
shown in figure 5.17. In addition to the detector effects mentioned in section 4.3.3,
the main differences between the subtracted embedded level and truth level distri-
butions arise from fluctuations in the background, which make the embedded level
distribution harder. It should be noted that from this point onwards, all embed-
ded level distributions will include background subtraction, whether it is explicitly

stated or not.

In addition to the final distributions, the merged pr hard bin distributions without

the inclusive to recoil aspect of the scaling (weighting), are also presented to illustrate

the effect of these weights on both levels. The scaling has a larger impact at low
jet,ch

p7r°, where the inclusive and recoil yields exhibit the most difference in shape. This

is due to the high pr of the trigger hadron classes, which promote the likelihood of a
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high pjzft’Ch jet recoiling from the trigger hadron. This makes the recoil distribution
less steep than the inclusive one. At higher pj;t’Ch, the corresponding scaled and not

scaled distributions are almost parallel (same shape), due to the similarity of the

. . . L. . . iet.ch
recoil and inclusive distributions in these p7."“" ranges.
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Figure 5.17: The truth and embedded level pjTEt’Ch distributions, with and without
the inclusive to recoil weighting, are shown.

5.4.4 Tg/T]

The 75 /7; distributions at the truth and embedded levels, have already been dis-
cussed in section 5.2.4. Even though the final distributions will also include the
inclusive to recoil weighting, which could alter the shape of both distributions, the
matching between the two levels will remain the same. Therefore, the distributions

will not be further examined in this section.
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5.4.5 Response Matrices

Two-dimensional projections of the four-dimensional response matrices, used for the
unfolding procedure, are shown in figures 5.18 and 5.19, for the axes including pjTet’Ch
and 72 /7; respectively. The two-dimensional plots show the the truth vs subtracted
embedded level distributions. The pj{ft’Ch distribution shows a healthy diagonality

between the truth and embedded levels. The smearing around this diagonal axis

is larger than in the pp case (figure 4.14), due to the fluctuations of the heavy ion

background.
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Figure 5.18: The two-dimensional projections of the truth vs embedded level pj;t’Ch

components of the response matrix are shown.

The two-dimensional distributions for the 75/7; jet shapes do not show a strong
diagonality between the truth and embedded levels, for any of the reclustering algo-
rithms. Instead, a large smearing is seen. In particular, low values of 75 /7; at truth
level are smeared across a wide range of embedded level 75 /7; values. This is due

to the low pj;f’jfri;th jets, which are highly affected by the background which remains

in the jet cone after subtraction. These pj;’t’Tfthh bins also contain the very low (~ 0)

7o /7, values at truth level, as they are more likely to contain two-tracked jets.

Figure 5.20 shows these two-dimensional 75 /7; plots for jets with 40 < pj;fﬁzth < 60
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Figure 5.19: The two-dimensional projections of the truth vs embedded level 75 /7;
components of the response matrices are shown, for each reclustering algorithm.

GeV/c. When the lowest quffafrzth (20 — 40 GeV/¢) bin is removed, a reduction of
the smearing and an increase in the diagonality of the distributions is observed.
However, the distributions are still not as strongly diagonal as in the case for pp

collisions (figure 4.16). This indicates that a larger correction of the 75 /7; jet shapes,

via the unfolding procedure, is expected in Pb-Pb collisions compared to pp.

5.5 Unfolding

The unfolding procedure and tests carried out for the Pb-Pb portion of this analysis,
follow the same steps as those of the pp portion, described in section 4.4. Therefore,
descriptions of identical procedures will not be provided, to avoid repetition. Only

the relevant results will be presented, with any differences to the pp case highlighted.
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Figure 5.20: The two-dimensional projections of the truth vs embedded level 75 /7;

components of the response matrices, at 40 < pjﬁf’fr@th < 60 GeV/c, are shown for

each reclustering algorithm.

5.5.1 Raw Data Statistics

jet,ch

The input ranges, to the unfolding, for the p%"“" and 75 /7; jet shape are the same
for each reclustering algorithm. These are 20 — 80 GeV/c¢ and 0.2 — 1.0 respectively.
The input matrices are shown in statistical form in figure 5.21. As with the case in

pp, the lack of usual statistics in some bins is noted, with the unfolding tests used

to determine the stability and validity of the final results.

5.5.2 Efficiency Correction

The procedure for determining the efficiency corrections is identical to the pp case,

with the detector level cuts replaced by embedded level cuts. The calculated effi-
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Figure 5.21: The data input matrices are shown in statistical form, in differential

bins of pj;t’Ch and 74 /7, for each reclustering algorithm.

ciency distributions are shown in figures 5.22 and 5.23 for the pjTEt’Ch and 72 /7; vari-

ables respectively. The unfolded distributions will be divided by the corresponding
7o /7; efficiencies, to obtain the final fully corrected results. The corrections are
small across most 72/7; bins. As expected, the bins on the borders of the embed-
ded level cuts show a larger deviation from unity, than those further away from the
edges. For the 75 /7; efficiencies, the first bin in particular is more affected. This is

due to the (downward) fluctuations of the heavy ion background, which can cause
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some jets to be over subtracted. This results in a significant part of the “true” jet

signal being removed, leading to a possible reduction in 75 /7;.

Even though the pjjft’Ch efficiency distributions are not applied to the unfolded 72 /7,

distributions, it is important to ascertain that the corrections are small in the re-

ported 40 < pj;f’TCTZth < 60 GeV/c range, where the final results are reported.
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Figure 5.22: The efficiency correction is shown, as a function of pjft’Ch, for each

reclustering algorithm.

5.5.3 Unfolding Tests

The unfolding tests presented below are identical to those performed in the pp

analysis. Unless otherwise specified, all tests are performed within the unfolded
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Figure 5.23: The efficiency correction is shown, as a function of 7,/7;, for each
reclustering algorithm.

40 < pjjft’Ch < 60 GeV/c range, which is the range in which the final results are
presented. For each test, only the results for 75 /7; are shown. The results for pj{ft’Ch
were also calculated and are consistent with that of 75 /7;. They have therefore been

omitted to avoid repetition.

All the unfolding tests presented in this section are satisfied by the third iteration.
However, the fourth iteration is closer to the converged solution than the third.

Therefore, the fourth iteration is selected as the true solution, across all algorithms.

The unfolding tests which are not satisfied for the AR jet shapes, will also be shown

below. These are the convergence and refolding tests, for the hard scale sensitive
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and soft scale sensitive reclustering algorithms respectively.

5.5.3.1 Convergence Test

Figure 5.24 shows the convergence of the different iterations for the 7, /7; jet shapes.

All bins converge onto a solution within just a few iterations.

R B e R S mar e R B o R B man e
SC o10%pbpb VS = 276 Tev Héa;m i S 0.10% Pb-pb S =276 Tev u;a;on 1
— [ Antik; charged jets, R = 0.4 _g ] — [ Antik; charged jets, R = 0.4 _E’; ]
g 4 mse<os _2 . g 4L mne<o6 2 .
S 8 ] =T 8 ]
~— r i ~ C ]
E 37 ] E 37 ]
= C 7 = C .
© C _——t— ] © C ]
%) E =T B %] E B
° 2 - ° 2 -
] e A ] e 7
pd r ] pa r ]
~ L —— N ~ L —— H
- _— 1 7
s e PO T T TR ———— T T T T
8.2 03 04 05 06 07 08 09 1 8.2 03 04 05 06 07 08 09 1
/T, /T,
(a) kr (b) C/A
T T T T T T T T T T
ST 0-0% Po-pb S =276 TeV \\éa;on B S 010% pbepb S =276 TeV Iléagon .
— [ Antik, charged jets, R =0.4 =3 ] — [ Antik, charged jets, R = 0.4 =3 ]
- F o nag<ol 5 B ~ F map<ol 5 1
R T —3 ] oA T —3 ]
~— C J ~ C ]
S . S~ B —
= 3 7 = 3 7
=] C ] © C I
12} C J 7] &8 C ]
3 2~ B 7 9 2~ 7
pd r ] = r ]
<= r ] = r ]
A 7 =1 7
:\\\\\r_\; ;\—\\\\\\:
82703 04 05 06 07 08 09 1 82703 04 05 06 07 08 09 1
/T, /T,
(c) C/A + soft drop (d) C/A + minimisation

Figure 5.24: The convergence tests for the 75/7; jet shape, at 40 < pjft":h < 60
GeV/c, are shown for each reclustering algorithm.

The convergence tests for the AR jet shapes, measured using the hard scale sensitive
reclustering algorithms, are shown in figure 5.25. The second and third bin for the
kr reclustering and the first and third bin for the soft drop with C/A reclustering,

show a lack of convergence with increasing iterations. These bins mirror the place-
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ment of the double peak structures of the corresponding subtracted embedded level
distributions (figure 5.5). This points to unstable and unreliable unfolded solutions.
Therefore, fully corrected results for the AR jet shapes, using these algorithms,

cannot be presented.
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Figure 5.25: The convergence tests for the AR jet shape, at 40 < pjTQt’Ch < 60 GeV/c,
are shown for the hard scale sensitive reclustering algorithms.

5.5.3.2 Refolding Test

Refolding is done for the full input range of 20 < pjfﬁt’Ch < 80 GeV/c. The results
are shown in figure 5.26 for the 75/7; jet shape. The refolding tests are satisfied by

the third iteration and converge by the fourth iteration, across all bins.

The refolding tests for the AR jet shapes, measured using the soft scale sensitive
reclustering algorithms, are shown in figure 5.27. The second bin for the C/A
reclustering algorithm shows a very large deviation from unity, indicating that the
unfolding is unreliable. This is due to the absence of counts in this bin, at 40 < pji,ft’Ch
< 60 GeV/¢, in the input data matrix (figure 5.6). For the C/A with minimisation
case, the convergence of the iterations is also outside the 10% tolerance of the

refolding test, for the first two bins. This is again due to the absence of counts

in some bins of the input data matrix (figure 5.6) and indicates that the unfolded
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Figure 5.26: The refolding tests for the 75 /7; jet shape, at 20 < pjTet’Ch < 80 GeV/e,
are shown for each reclustering algorithm.

solution is unreliable. However, since the convergence is not very far from the
10% tolerance of the refolding, ongoing discussions are being held as to whether
this tolerance can be relaxed for such cases where the input into the unfolding has
low (or no) statistics in some bins. To date, no consensus has been reached and
therefore no fully corrected results for the AR jet shapes, using these algorithms,

can be presented.
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Figure 5.27: The refolding tests for the AR jet shape, at 20 < pj;t’Ch < 80 GeV/e,
are shown for the soft scale sensitive reclustering algorithms.

5.5.3.3 Closure Test

The closure test is performed using 1.2% of the MC statistics, at embedded level,
as an input to the unfolding. This represents the statistical reach of the measured
data set, used as input to the default unfolding. The remainder of the MC statistics
are used to construct the response matrix. Figure 5.28 shows the results for each
of the four algorithms. The closure tests are satisfied within 10%, across all 75 /7;
bins, from the first iteration. The bins that deviate the most from unity tend to
have the largest statistical errors. This indicates that the deviations are most likely

due to statistical fluctuations.

5.5.3.4 Pearson's Coefficient

The smeared response matrices used in Pb-Pb collisions for the unfolding procedure,
are expected to produce more correlations between different bins in the unfolded
solution (see section 4.4.3.4), compared to the case in pp. However, this is more
qualitative than quantitive, since it is difficult to measure how “un-diagonal” the

response matrices are. The Pearson’s coefficients are shown in figure 5.29, for the
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Figure 5.28: The closure tests for the 75 /7; jet shape, at 40 < pj;fg,?:;th < 60 GeV/e,
are shown for each reclustering algorithm.

fourth unfolded iteration. The correlations mirror the smearing in the response
matrices (figure 5.20). Due to this smearing, the Pearson’s coefficients are a less

reliable test of the correct unfolding iteration in Pb-Pb than in pp.

5.6 Systematic Uncertainties

In addition to the four systematic errors considered in section 4.5, there are two
additional sources of systematic error included in the Pb-Pb analysis. These are the
subtraction and event plane systematics. The subtraction error takes into account

the effect of the choice of subtraction algorithm, on the unfolded result. The event
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Figure 5.29: The Pearson’s coefficients for the 75 /7; jet shape, at 40 < pj{ft’Ch < 60
GeV/c¢, are shown for the fourth unfolded iteration for each reclustering algorithm.

plane systematic accounts for any biases in the angular selection of trigger hadrons,

relative to the collision geometry. A more detailed description of these two system-

atic errors, along with the calculations required to obtain them, are presented in

Appendix C. Numerical tables listing the contribution of each systematic, can also

be found in Appendix C. Due to the incompatibility of derivative subtraction with

the soft drop grooming procedure, the subtraction systematic is omitted from

To/T; jet shape measured using soft drop with C/A reclustering.

the
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The relative contributions of each systematic uncertainty, compared to the default
solutions, are shown in figure 5.30 for the 7,/7; jet shapes. The contributions of
each systematic source vary across bins and algorithms. The choice of prior, regu-
larisation and subtraction uncertainties tend to be the largest sources of systematic
error in most bins. In particular, for the soft scale sensitive reclustering algorithms
(C/A with and without minimisation), the large contribution from the subtraction
systematic error was predicted in section 5.2.4. This was due to the large differences
between the corresponding subtracted embedded level 7, /7; distributions, when

using the constituent and second order derivative subtraction procedures.

5.7 Pb-Pb Results

5.8 Inclusive AR Jet Shape

Unfolding tests for the AR jet shapes, show a lack of stability and reliability of
the unfolded results. The reasons for this have been discussed in section 5.2.1.1.
Therefore, it is not currently possible to obtain a fully corrected measurement of this
jet shape. Instead, a comparison of the constituent subtracted inclusive jet shape,
measured in the data, to the constituent subtracted embedded level jet shape, is
presented in figure 5.31 for the kr reclustering algorithm. The p{,‘ft’Ch bin chosen for
this comparison, in both distributions, is 80 — 100 GeV /¢, since the contribution of
combinatorial jets in this bin is suppressed for jets of R = 0.4 (see section 2.3.1).
Even though the shape is presented at an uncorrected level, it is expected that
any background and detector effects present in the data, will also be reproduced
in the embedded sample. This is beacuse the embedded sample is comprised of
detector level jets (incorporate detector effects) which are embedded into real Pb-

Pb data (incorporate detector and background effects). Therefore, any differences
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Figure 5.30: The relative contributions of each systematic uncertainty for the 74 /7,

jet shape, at 40 < pj;t’Ch < 60 GeV/¢, are shown for each reclustering algorithm.

between the two samples point to medium induced modifications of the jets in the
data, as quenching effects are not present in the embedded sample. This assumes
that PYTHIA is in agreement with the measured AR distribution in vacuum (pp

collisions), which is shown to be true in the next chapter.

A good agreement between the inclusive data and embedded sample is seen in fig-

ure 5.31. The ratio of the two distributions is consistent with unity, within statistical
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errors, across almost all bins. The only exception occurs in the first bin, where the
statistics are low. Therefore, no quenching effects are discernible from this measure-
ment. The presence of coherence effects would manifest as a suppression of jets at
large AR. A possible hint of this can be seen in the very last bin (0.4-0.45), where
there are no jets in the measured data sample. This could also be the source of the
enhancement in the first bin, since the distributions are normalised to the number
of jets (self normalised). However, as this is at the statistical limit of the data set,
no conclusion can be drawn at the present stage. One way to test this further would

be to make the same measurement using jets with R > 0.4.
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Figure 5.31: A comparison of the AR distributions in the inclusive subtracted mea-
sured data vs the subtracted embedded level sample, at 80 < p%"“" < 100 GeV/c,
is shown for the k7 reclustering algorithm. The ratio of the two distributions is also
presented.

The subtracted embedded level sample, accounts for the detector effects and back-
ground fluctuations present in the measured subtracted data. In this way, compar-
isons such as the one made above can be sensitive to jet quenching effects. However,
even though the background fluctuations have been fully reproduced in the embed-

ded sample, they can mask quenching effects in the data. For example, in the case
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of the AR jet shape measured with a hard scale sensitive reclustering algorithm, it
has been shown that background fluctuations can induce soft “fake” axes. These
axes hide the true hard splittings, which could have been modified in the presence
of the QGP, in the measured data. Such modifications would not appear in the
inclusive sample used in the above comparison. This highlights the importance of
the unfolding procedure, which can remove the effects of background fluctuations
and correct the measured sample back to particle level. Therefore, even though no
QGP effects are discernible in the comparison presented above, a fully corrected re-
sult has the potential to alter this conclusion. To this end, the comparison has only
been presented for the kp reclustering algorithm, as an example of an uncorrected
result when unfolding is not possible. However, it also serves to further highlight
the importance of the unfolding procedure, when measuring jet shapes in heavy ion

collisions.

5.9 Unfolded 75 /7; Jet Shapes

Throughout the course of this chapter, the analytical steps involved in measuring
and correcting the raw 75 /7; jet shapes have been presented. The final unfolded dis-
tributions, with full systematic and statistical uncertainties, are shown in figure 5.32.
These results are presented at 40 < pj;t’Ch < 60 GeV/c for all four algorithms. The
measured background subtracted recoil jet shapes, without unfolding, are also in-
cluded. The unfolding corrections are larger, across all algorithms, than in the pp
case, due to the fluctuations in the heavy ion background. However, the extent of the

corrections are exaggerated by the self normalisation properties of the distributions.

The unfolding procedure shifts the 7, /7; distributions measured with the hard scale
sensitive reclustering algorithms (k7 and soft drop with C/A reclustering), to lower

values, by correcting for the remaining background effects (see section 5.2.4). For the
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soft scale sensitive reclustering algorithms (C/A with and without minimisation), the
unfolding shifts the distributions towards unity, which is expected in the absence of
background effects (see section 5.2.4). The unfolded solutions for each algorithm in
Pb-Pb collisions, closely resemble the corresponding unfolded solutions in vacuum
(pp collisions), which were presented in figure 4.33. Therefore, the same physics
arguments that were made in section 4.6, apply to the fully corrected results in

Pb-Pb collisions as well.
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Figure 5.32: The fully corrected 75 /7; distributions in Pb-Pb collisions are shown,
along with their associated statistical and systematic uncertainties, at 40 < pj{ft’Ch
< 60 GeV/c for each of the reclustering algorithms. The background subtracted
recoil 7o/7; jet shapes (not unfolded), measured at 40 < pjTEt7Ch < 60 GeV/c in

Pb-PDb collisions, are also provided for comparison.



CHAPTER 6

Simulations And Results

In this chapter, MC results obtained using the PYTHIA event generator [124], which
is described in section 6.1, will be presented. Section 6.2 will include simulated toy
models of the 75 /7; jet shapes, probing the effect of adding a hard or semi-hard
particle to the jet. Section 6.3 will compare the vacuum like simulations to the
unfolded data. In pp, this will test the splitting and fragmentation properties of
the event generator, using a variety of different reclustering algorithms. Since the
pp and Pb-Pb data sets are at different centre of mass energies, the results are not
directly comparable. Therefore, the unfolded pp results will be used to validate
PYTHIA, before it is compared to the Pb-Pb results. In Pb-Pb, the comparison of
vacuum like simulations to the unfolded data will be used to investigate changes to

the fragmentation and splitting functions, induced by the QGP.

182
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6.1 PYTHIA

This section will detail the properties of the PYTHIA event generator and the

specific tunes used in this work.

6.1.1 PYTHIA 6

PYTHIA is one of the most complete event generators available for particle collisions.
Elementary particles are collided and the event is evolved all the way to the multi-
particle final states observed at real colliders. Where the physics is well described,
the underlying processes are calculated. Where there is not such a clear physical
description, numerical models and data driven approaches are used. The ability to
control many of the underlying processes, allows for the generation of specific tunes

which can be tailored to different experiments and analyses.

6.1.1.1 Perugia 2011

The PYTHIA tune used for model comparisons in this work, is the Perugia 2011
tune [125]. The Perugia family of tunes were developed to prepare for LHC era
physics. Parameters were adjusted according to experimental data, to better de-
scribe the shower and underlying event. The Perugia 2011 tune in particular, uses
some early lessons learnt from the first LHC data sets at /s = 900 GeV and /s =7
TeV, to further optimise parameters. These include a faster scaling of multiplicity
with energy, as motivated by ALICE [126] and ATLAS [127]. The underlying event is
also slightly larger compared to the Perugia 2010 tune, motivated by measurements

at ATLAS [128].
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6.1.1.2 Tune A

The tune used to generate the MC component of the embedding process, is Tune
A [129]. This tune provides a good description of the underlying event. The initial
state radiation is increased by increasing the maximum parton virtuality for showers
(in effect the Q? scale is increased). The radius of the hadronic hard core is also

increased, which better describes multi-partonic interactions.

6.2 Simulations

This section will detail simulated results, using PYTHIA Perugia 2011 at /s = 2.76
TeV, to probe the sensitivity of the 7,/7; shape to the presence of an additional
hard prong in the jet. This models the hard and semi-hard induced gluon emissions,
predicted to arise due to energy loss in the QGP. In the tests outlined below, a
PYTHIA jet is generated and subsequently modified by the addition of a hard
particle. The resulting jet is then reclustered and its 75/7; value is compared to
that of the original jet. By comparing the modified and original jets, this test can
also be used to model the suppression of two-prong jets (the suppression of one of

the prongs), resulting from coherence effects in the QGP.

6.2.1 Additional Hard Prong

The effects of the additional constituent on the 75 /7; jet shapes are investigated
systematically, in differential values of the constituent’s p$* and angle from the jet
axis. Four track pst classes are chosen, each relative to the original pj;t’Ch. These
are 15%, 30%, 45% and 60%. Three angular classes are chosen at 0R = 0.1, 0.2 and

0.3, where 0R is the n — ¢ distance of the additional track to the jet axis. In all
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cases, the pst of the additional track is not considered when calculating the pj;t’Ch.

This ensures that the modified jet is compared in the same pj;t’Ch bin as the original

jet (40 < pFhih, < 60 GeV/e).

6.2.1.1 pch

The effect of the additional particles’s p$® is investigated by keeping the angular
distance of the particle to the jet axis constant, while the ps® of the particle is
varied. The results for all four reclustering algorithms are shown in figures 6.1, 6.2

and 6.3 for R = 0.1, 0.2 and 0.3 respectively.
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Figure 6.1: The 75/7; distributions, for jets with an additional constituent at d R
=0.1, are shown in differential p$" classes.

(c) C/A + soft drop

(d) C/A + minimisation
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Figure 6.2: The 75 /7; distributions, for jets with an additional constituent at 6 R
2 1 )

=0.2, are shown in differential p$" classes.

For the cases where the additional constituent is close to the jet axis (figure 6.1),

the effect of the constituent on the 75 /7; distributions is small across all algorithms

and shows very little pi* dependence. For both 7; and 75, the reclustering axes will

remain in the jet core (no significant shift), leading to only small changes in the

To/7; distributions.

The impact on the 75 /7; jet shape is larger, when the additional particle is displaced

significantly from the jet axis (figures 6.2 and 6.3). In this case, a strong p$" depen-

dence is observed. For the reclustering algorithms sensitive to the hard scales (kr

and C/A preceded by soft drop), the value of 75/7; becomes smaller with increasing

psh. This reflects the increasing two-prongness of the jet’s substructure.
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Figure 6.3: The 75/7; distributions, for jets with an additional constituent at d R
=0.3, are shown in differential p$" classes.

An exception is observed for the case where the additional constituent at 6 R = 0.2,

carries only 15% of the original jet’s p/s"*"

. Here, the value of 7, /7; undergoes a
very small increase. This is because the additional particle’s p$® is not significant
enough to shift the reclustering axes by a large amount (they stay mostly in the
jet core). As a result, the additional particle’s ps is uncorrelated to the returned
axes which increases the 7,/7; value. This shows that the p$? dependence of the
additional particle is only significant once the particle carries a large enough fraction
of the pj;t’Ch. In essence, the sensitivity of the reclustering algorithms to the hard

scale, requires that the additional radiation be of a hard enough nature before it is

considered as a second prong.
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For the C/A and C/A with minimisation algorithms, the additional constituent’s
pSt has very little impact on the 7,/7; distributions. This is expected as neither
algorithm is pr dependent. However, the mere presence of an additional constituent,
irrespective of its p$, changes the 75 /7; distribution. This will be discussed in the

section below.

6.2.1.2 O0R

The effect of the angular separation of the additional constituent from the jet axis
(0R) is measured, by varying this angle whilst keeping the particle’s ps* fixed. The
results are shown in figures 6.4 and 6.5, for the 30% and 45% pS classes respectively.
For the kr and C/A with soft drop algorithms (hard scale sensitive), the increase in
angular separation causes the 7, /7; distributions to shift towards lower values. This
is representative of the two hard substructures in the jet (the core and the additional
particle) becoming more separated and well defined. The shift in the 7, /7; value
is largely due to the change in the value of 7;, which increases with increasing 6 R.
The value of 75 is less sensitive to this angular change, as it does not distinguish

between one-cored and two-prong jets.

For the soft scale sensitive reclustering algorithms (C/A with and without minimisa-
tion), the 75 /7; distributions undergoe a slight shape change with increasing 6 R. A
small increase in the yield of jets with low values of 75 /7; is observed, which induces
a slight suppression at larger values, due to the self normalising nature of the dis-
tributions. The increase in the yield at low values of 75 /7, is due to configurations
where the additional particle becomes the furthest constituent from the jet core.
In the N = 2 case, one axis remains in the core whilst the other is pulled towards
the additional constituent, keeping the value of 7, low. However, the value of 7; is

large, due to the additional (hard) particle’s large separation from the jet axis. The
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Figure 6.4: The 75 /7; distributions for jets with an additional constituent are shown

for all four reclustering algorithms, in differential 0 R classes. The additional track

has a p$* equal to 30% of the original pj;t":h.

probability of such configurations increases with increasing 0 R, as observed in the

7o /7; distributions.

The mean values of the 75/7; distributions measured for jets with an additional

constituent, are shown in table 6.1.

6.3 Final Results

In this section, the unfolded jet shapes measured in pp and Pb-Pb collisions will be

compared to vacuum like PYTHIA Perugia 11 simulations. The unfolding procedure
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Figure 6.5: The 75 /7; distributions for jets with an additional constituent are shown
for all four reclustering algorithms, in differential 0 R classes. The additional track

jet,ch

has a pst equal to 45% of the original p’"".

TQ/T]
Extra Prong 6R |/ % pie" Algorithm
kr C/A Soft Drop + C/A | C/A + Minimisation

None 0.6654 £ 0.0006 | 0.8255 £ 0.0006 | 0.5245 + 0.0009 0.7882 + 0.0028
0.1 /30 0.6866 £ 0.0005 | 0.8521 £ 0.0005 | 0.5716 + 0.0007 0.8201 + 0.0025
0.1 /45 0.6706 £ 0.0006 | 0.8636% 0.0005 | 0.5458 £ 0.0007 0.8328 + 0.0024
0.2/15 0.6678 £ 0.0006 | 0.8340 £ 0.0006 | 0.5901 + 0.0006 0.7862 + 0.0029
0.2 /30 0.6017 £ 0.0006 | 0.8441 £ 0.0007 | 0.5278 + 0.0007 0.7905 £ 0.0034
0.2 /45 0.5512 £ 0.0006 | 0.8489 £ 0.0007 | 0.4806 =+ 0.0008 0.7958 + 0.0036
0.2 / 60 0.5169 + 0.0007 | 0.8482 £ 0.0008 | 0.4452 + 0.0008 0.7784 + 0.0040
0.3 /30 0.5297 £ 0.0006 | 0.7817 £ 0.0009 | 0.4829 + 0.0007 0.7213 £ 0.0043
0.3 /45 0.4652 £ 0.0007 | 0.7697 £ 0.0011 | 0.4262 + 0.0007 0.7037 £ 0.0049

Table 6.1: The mean values of the PYTHIA Perugia 11 7, /7; distributions for jets
with an additional constituent, obtained for each reclustering algorithm, are shown.

has removed detector and background effects, with the constituent p$® corrected

down to zero. The MC results have the same geometric cuts as the data and are
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generated in two different centre of mass energies, corresponding to each of the
collision systems. In Pb-Pb collisions, the recoil jet technique has been applied to
the MC results, to limit method induced differences and facilitate more accurate
comparisons. This section is the culmination of this thesis and will present the main

physics observations obtained by this analysis.

6.3.1 pp

The unfolded AR and 7, /7; distributions, measured in pp collisions, are compared
to inclusive PYTHIA Perugia 11 results at /s = 7 TeV, in figures 6.6 and 6.7 re-
spectively. The AR measurements show that the reclustered axes found in data,
are reproduced very well by PYTHIA for all four algorithms. The fragmentation
of particles around these axes (72/7;) is less well described by PYTHIA, although
the description is still good. The observed discrepancies are visually enhanced by
the self normalising property of the distributions. A small shift in the distribution’s
mean, can produce a visually larger disparity in the bin by bin comparisons. The
mean values of each distribution are shown in tables 6.2 and 6.3 and show very
good agreement between the data and PYTHIA. Next-to-leading-order (NLO) sim-
ulations, such as those using the POWHEG-Box [130], could be used to test the
effects of higher order processes on the fragmentation. It would be of interest to test
if such event generators would show better agreement with the data. Unfortunately,

these generators were not readily available in the time frame of this analysis.

The results obtained in pp collisions not only measure and quantify the AR and
To/7; jet shapes for a variety of reclustering algorithms, but also validate the
PYTHIA Perugia 11 distributions in the vacuum. In this way, the PYTHIA distri-

butions can be compared to the Pb-Pb results with an increased confidence.
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Figure 6.6: The fully corrected AR jet shapes, with their associated statistical and
systematic uncertainties, measured in pp collisions at 40 < pj;t’Ch < 60 GeV/c, are
shown for four reclustering algorithms. The PYTHIA Perugia 11 AR jet shapes at
the corresponding energy, are also provided for comparisons.

6.3.2 Pb-Pb

The fully corrected 75 /7; distributions, measured in Pb-Pb collisions, are compared

to PYTHIA Perugia 11 results simulated at /s = 2.76 TeV, in figure 6.8. A very

good agreement is seen between the data and PYTHIA results, across all four al-

gorithms. Table 6.4 shows the mean values of the data and PYTHIA distributions,
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Figure 6.7: The fully corrected 75 /7; jet shapes, with their associated statistical and
systematic uncertainties, measured in pp collisions at 40 < pj;t’Ch < 60 GeV/c, are
shown for four reclustering algorithms. The PYTHIA Perugia 11 75/7; jet shapes
at the corresponding energy, are also provided for comparisons.

which further illustrate this agreement. No discernible QGP effects can be seen in

the measured 7, /7; distributions, which appear vacuum like in 0 — 10% most central

Pb-Pb

collisions.

Hard and semi-hard induced gluon radiation due to quenching effects, as predicted by

some energy loss models, is expected to shift (to lower values) the 75 /7; distributions
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AR
Data PYTHIA
Algorithm Mean Mean
kr 0.1826 4+ 0.0028 | 0.1796 + 0.0004
C/A 0.3133 = 0.0023 | 0.3177 £+ 0.0003

Soft Drop + C/A

0.1709 £ 0.0032

0.1673 £ 0.0004

C/A + Minimisation

0.2887 £ 0.0032

0.2782 £ 0.0018

To /T]
Data PYTHIA
Algorithm Mean Mean
kp 0.6425 £ 0.0044 | 0.6654 £ 0.0006
C/A 0.8236 £ 0.0048 | 0.8255 £ 0.0006

Soft Drop + C/A

0.5091 =+ 0.0068

0.5245 £ 0.0009

C/A + Minimisation

0.7973 £ 0.0050

0.7882 £ 0.0028

7'2/7'1
Data PYTHIA
Algorithm Mean Mean
kr 0.6596 + 0.0096 | 0.6662 + 0.0016
C/A 0.7836 £+ 0.0100 | 0.7948 + 0.0019

Soft Drop + C/A

0.5701 + 0.0102

0.5542 £ 0.0019

C/A + Minimisation

0.7646 £ 0.0106

0.7634 £ 0.0096

Table 6.2: The mean values of the fully corrected pp and PYTHIA Perugia 11 AR
distributions, obtained for each reclustering algorithm, are shown.

Table 6.3: The mean values of the fully corrected pp and PYTHIA Perugia 11 75 /7,
distributions, obtained for each reclustering algorithm, are shown.

Table 6.4: The mean values of the fully corrected Pb-Pb and PYTHIA Perugia 11
7o /7; distributions, obtained for each reclustering algorithm, are shown.

measured with the hard scale sensitive reclustering algorithms (k7 and C/A with
soft drop). According to the toy models presented in the previous section, this shift
would be strongest if the radiation was emitted at large angles from the jet axis.

However, no such effect is observed.

Colour coherence energy loss models predict a suppression of two-prong jets in the
medium, leading to a positive shift in the 7, /7; distributions measured with hard
scale sensitive reclustering algorithms. However, the population of two-prong QCD

jets in the vacuum is limited (this can be ascertained from the small yield of jets
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Figure 6.8: The fully corrected 75 /7; recoil jet shapes, with their associated statis-
tical and systematic uncertainties, measured in Pb-Pb collisions at 40 < p]675 < 60
GeV/c, are shown for four reclustering algorithms. The PYTHIA Perugia 11 75 /7;
jet shapes at the corresponding energy, are also provided for comparisons.

at low 75 /7, values in pp collisions). Therefore, even a significant suppression of
this population might not induce a noticeable shift in the overall distribution. An
increase in statistics during upcoming LHC runs, would open the possibility for a
more differential binning of the unfolded 7, /7; jet shape. This would increase the
sensitivity of the measurement to such an effect, by making bin-to-bin comparisons

at low 75 /7; values possible.

For jet shapes that exhibit a p’*“" dependence, comparisons of the unfolded results
in Pb-Pb collisions to MC results in higher p/c>" bins, can test against the case of

full coherence. In this scenario, where no substructure is resolved, the jet shapes in
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Pb-Pb collisions are expected to remain vacuum like, with only a reduction in the
jet energy scale observed. However, since the 72 /7; jet shapes have been shown to
have no significant pjjft’Ch dependence (see figures 4.8 and 5.15), comparisons of the

unfolded results to PYTHIA Perugia 11 simulations in higher pj:,ft’Ch bins are not

presented.

The tools used in this analysis (background subtraction, hadron-jet coincidence
technique, unfolding, etc), some of which have been applied for the first time, to
correct the jet shapes measured in the large heavy ion background, are well developed
and under control. The magnitude of these required corrections are large, with the
methods attempting to correct the jet shapes back to particle level. The lessons
learnt during the course of this analysis, in order to overcome these experimental
challenges, were one of the main objectives of this work and lay the foundation for
jet,ch

further jet substructure studies (for jets with low p%~“* and large radius) in the

heavy ion community.



CHAPTER [/

Conclusion

In this chapter, a summary of the main results and objectives of this work will be

presented, followed by a discussion on the future work pertaining to this analysis.

7.1 pp

Measurements of the AR and 7, /7; jet shapes are presented in pp collisions, at
40 < plth " < 60 GeV /¢, for jets with a resolution of R = 0.4 (section 6.3.1). The
results are corrected for detector effects, in pj:,ft’Ch and shape simultaneously, using
two-dimensional Bayesian unfolding. The results are obtained for four different

reclustering algorithms. The kr and soft drop with C/A algorithms are sensitive

to the hard scale splittings in the jet, providing access to the largest hard splitting.
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This is often the hardest and earliest splitting in the jet. The C/A algorithm, with
and without minimisation, is sensitive to the soft scale splittings and provides access

to splittings occurring later in the evolution of the jet.

The AR shapes, measured with the hard scale sensitive algorithms, show that the
hard splittings in the jet occur mostly at small angles. This is evidence for the
primarily single-core nature of QCD jets. The AR shapes measured using the soft
scale algorithms, show that soft splittings frequently occur at larger angles from
the jet core, peaking at the radius of the jet. This is due to the larger concentric
area at large radii, which increases the probability of finding a soft particle with
increasing distance from the jet axis. The measured 75 /7; distributions confirm
these observations, with peaks at large values. This is representative of a primarily
single-core jet sample. The shape of the 75/7; distributions are different for the
soft and hard scale sensitive algorithms. The k7 and soft drop with C/A algorithms

have a gaussian like distribution, peaking at ~ 0.6.

The C/A algorithm, with and without minimisation, is sensitive to the largest split-
ting in the jet, since the reclustering procedure is independent of py and only clusters
particles based on their distance from one another. The 7, /7; values measured with
these algorithms peak at ~ 1 This means that the majority of the pj;t’Ch remains
in the core and that these algorithms are probing the soft scales of the jet. The
minimisation procedure has little effect on the overall shape of the distributions ob-
tained with the C/A algorithm, due to the low multiplicity of the jet constituents.
However, the soft drop groomer has a large effect by successfully removing the large
angle soft radiation and uncovering the hard splittings in the jet. This procedure

transforms the C/A algorithm to a hard scale sensitive algorithm which can pick

out the hardest splittings.

Comparisons of theoretical models with these results, can give access to the un-
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derlying QCD processes [67]. These measurements provide theorists with a set of
shapes which have been differentially measured for a variety of different reclustering
algorithms, probing different scales in the evolution and fragmentation of the jet.
The results have also been used to validate PYTHIA Perugia 11 simulations, for
later comparisons to results measured in Pb-Pb collisions (at a different centre of
mass energy). PYTHIA Perugia 11 describes the reclustered axes (AR) with a high
precision. The fragmentation of constituents around these axes (72 /7;) are also well

described, albeit to a lesser extent than the axes themselves.

7.2 Pb-Pb

Measurements of the 75 /7; jet shapes, in the 0 — 10% most central Pb-Pb collisions
at 40 < pjjft’Ch < 60 GeV/¢, are presented for jets with a resolution of R = 0.4
(section 6.3.2). The large heavy ion background, clustered in to the jet, smears
the “true” jet signal: hadrons arising from the fragmentation of the hard scattered
parton. This is further compounded by the large jet radius and low pjjft’Ch used in
this analysis, which lead to both a larger background in the jet cone and a lower ratio
of signal to background. In addition to the smearing of “true” jets, the measured
jet sample is also populated by combinatorial jets which are derived solely from
fluctuations in the background. Prior to this work, measurements of fully corrected
jet shapes for these low pj;t’Ch and large radius jets, were experimentally unattainable
in Pb-Pb collisions. The use of constituent subtraction to remove the event average
background at a constituent level from the jets, coupled with the first extension of
the semi-inclusive hadron-jet coincidence technique to two dimensions in order to
reject combinatorial jets from the measured sample, have made such measurements
possible for the first time. The data are corrected for background fluctuations and

detector effects, in pj;t’Ch and shape, using two-dimensional Bayesian unfolding.
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The 75 /7; distributions measured in Pb-Pb collisions, are similar to the correspond-
ing 75 /7; distributions measured in pp collisions. Therefore, the same qualitative
conclusions drawn for each algorithm in the pp case, apply to Pb-Pb collisions as
well. The minimisation procedure continues to have only a small effect on the overall
shape of the 7 /7; distribution obtained with the C/A algorithm, despite the higher
multiplicity of jet constituents. The effect of the soft drop groomer remains large,
as it successfully manages to uncover the hard splitting in a large number of jets
(section 5.2). The additional removal of soft large angle tracks, which have survived
the background subtraction procedure, results in a slightly more two-prong distri-
bution of jets compared to the kr case. This suggests that the soft drop with C/A
algorithm is more sensitive to the hard splittings of the jet in heavy ion collisions,

compared to the kr algorithm.

The fully corrected 75 /7; distributions are in close agreement with PYTHIA Perugia
11 simulations, for all algorithms. This suggests that the two-prong substructure
of jets traversing the QGP medium is vacuum like. An enhancement in the two-
prongness of jets would be expected in energy loss models involving hard and semi-
hard gluon radiation at large angles from the jet core. The presence of colour
coherence effects is expected to result in a suppression of two-prong jets. No shift

is observed in the hard scale sensitive 7, /7; distributions.

The background correcting procedures applied in this work, attempt to correct the
measured raw data samples down to particle level, despite the large degree of cor-
rections required. This showcases the most recent developments in the field which,
when applied together, can deal with the large background of central heavy ion

collisions to uncover the physical signals of interest.
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7.3  Future Work

The measurement of jet shapes using reclustering techniques, is at the forefront of
current advances in the study of jet quenching in relativistic heavy ion collisions. The
soft drop algorithm in particular, has prompted a large amount of recent theoretical
and experimental work. The lessons learnt during the course of this analysis, in
order to fully correct jet shapes at low pjjft’Ch for large radius jets, have laid the
foundation for new analyses that are currently ongoing at ALICE. The author plans
to continue contributing to the jet substructure program at ALICE, through further
jet shape measurements, using the techniques developed through this work. In
particular, measuring jet shapes originating from the fragmentation of a scattered

heavy quark, can probe interesting physics regarding the role of heavy flavour in

QCD and the differences in the fragmentation of quark and gluon jets [131].
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APPENDIX A

Response Matrix Weights

The numerical values of the weights calculated when constructing the response ma-
trices, in pp and Pb-Pb collisions, are presented below. These weights are applied to
each entry in the response matrices, according to their py hard bin (pp and Pb-Pb)

or pj;fiﬁ,,zm (Pb-Pb) value.

Al pp

The weights applied to the entires from each py hard bin in the pp analysis, as

described in section 4.3.2; are given in table A.1.
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pr hard bin dependent weights in the pp analysis

pr hard bin GeV/c 5—11 11 -21 21 — 36 36 — 97 o7 — 84
weight 252x107% 991 x1077 157x 1077 219x107% 3.32x107°

pr hard bin GeV/c¢ 84 — 117 117 — 152 152 — 191 191 — 234 234 — 1000
weight 6.40 x 1071 1.72 x 10719 497 x 107 1.65 x 107" 1.52 x 1071

Table A.1: The weights calculated for each pr hard bin, when building the response
matrices in the pp analysis, are shown.

A.2 Pb-Pb

The pr hard bin dependent factor of the weights applied to the entries of the response

matrices in the Pb-Pb analysis, as described in section 5.4.2, are given in table A.2.

pr hard bin dependent weights in the Pb-Pb analysis

pr hard bin GeV/¢ 5—11 11-21 21 —36 36 — 57 o7 — 84
weight 1.81 x 107° 6.22x 107 1.05x107% 932x10% 1.11 x 1078

pr hard bin GeV/c | 84 — 117 117 — 152 152 — 191 191 — 234 234 — 1000
weight 1.92 x 1079 270 x 10719 526 x 10711 1.73 x 10711 6.65 x 10712

Table A.2: The weights calculated for each pr hard bin, when building the response
matrices in the Pb-Pb analysis, are shown.

The pj;f’yfrhuth dependent factor of the weights applied to the entries of the response

matrices in the Pb-Pb analysis, as described in section 5.4.2, are given in table A.2.
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pj;f’;:;th dependent weights in the Pb-Pb analysis
Py GeV/e 0-5 5—10 10— 15 15 — 20 20 — 25
weight 2.94 x 107* 237 x107% 920 x 107% 2.03 x 1072 3.58 x 1072
Py, GeV/e | 25—30 30 — 35 35 — 40 40 — 45 45 — 50
weight 560 x 1072 939 x 1072 142 x 107" 1.84 x 107! 255 x 107!
Py, GeV/e | 50 —55 55 — 60 60 — 65 65 — 70 70 — 75
weight 3.26 x 1071 390 x 107%  4.10 x 107" 4.24 x 107! 5.04 x 107"
Py, GeV/e | 75 —80 80 — 85 85 — 90 90 — 95 95 — 100
weight 461 x 1071 514 x 107" 531 x 107" 553 x 107" 6.20 x 107!
Py, GeV/e | 100105  105—110  110—115  115—120  120—125
weight 6.42 x 1071 7.22x 107! 740 x 107" 7.65x 107! 7.91 x 107"
Py, GeV/e | 125—130 130 —135  135—140  140— 145 145 —150
weight 832 x 107! 885 x 107t 9.05x 107! 9.40 x 107! 1.02
Py, GeV/e | 150 — 155 155 — 160
weight 9.30 x 107} 1.00

Table A.3: The weights calculated for each pj;f’zfrzth bin, when building the response

matrices in the Pb-Pb analysis, are shown.




APPENDIX B

Systematic Uncertainties in pp

A full description of the calculations undertaken to obtain the systematic errors, in
pp collisions, is presented below. Unless explicitly stated, each error is calculated by
performing the unfolding procedure with a modified response matrix. The unfolded
result is compared to the default unfolded solution, to obtain the systematic error

for each bin.

B.1 Tracking Efficiency

The ALICE detector has a finite tracking efficiency, as detailed in section 3.4. The
associated error on this tracking efficiency is 4%, which can fluctuate on an event-

by-event basis. To account for this variation, a response matrix is constructed with a
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reduced (4% less than the default value) tracking efficiency at detector level (we will
refer to the default tracking efficiency as 100%, even though this does not correspond
to an actual value of 100% for the tracking efficiency). Since tracks cannot be reliably
added to an event, the systematic errors for when the tracking efficiency is 4% higher
than the default value are obtained by symmetrising the errors from the 4% lower
case. The tracking efficiency uncertainty is the dominant systematic uncertainty in

this analysis for pp collisions.

Figure B.1 shows the effect of the reduced tracking efficiency on the pjjft’Ch distribu-
tion, at detector level. The reduced tracking efficiency has negligible effect on the
distribution. The low average number of tracks per jet (figure 4.4), coupled with
the higher probability of losing low p$® constituents (they are more numerous than

their high p$" counterparts), account for this lack of impact.

10\\\‘\\\‘\\\‘\\\‘\\\‘\\\\\\‘\\\‘\\\‘\\\l

1 PYTHIA \s =7 Tev Tracking Efficiency

Anti-k; charged jets, R =0.4
1 = —=— 100%
< 10

o 192 - —— 96%

1_9 \\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
0 0O 20 40 60 80 100 120 140 160 180 200

P! Gevic

(a) Detector Level

Figure B.1: The detector level pj;t’Ch distribution is shown, measured with the de-
fault and reduced tracking efficiencies.

Figure B.2 shows the effects of the reduced tracking efficiency on the AR jet shapes,
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at detector level. These effects are negligible for the hard scale sensitive algorithms
(k7 and soft drop with C/A), which are not affected due to the higher probability
of losing a low p$t track. For the soft scale sensitive algorithms (C/A and C/A with
minimisation), the AR shape is only affected when the furthermost track from the
core is lost. This is reflected in a very slight shift, to lower values, of the reduced

tracking efficiency distributions.
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Figure B.2: The detector level AR distributions are shown for each reclustering
algorithm, measured with the default and reduced tracking efficiencies. The results
are shown for 40 < p]Tef’TCr};th < 60 GeV/ec.

Figure B.3 shows the effects of the reduced tracking efficiency on the 75 /7; jet shapes,
at detector level. The effects are negligible and the distributions are consistent with
one another within statistical errors. Minor differences in the first bin are attributed

to the increased number of two track jets, induced by the reduced tracking efficiency.



209 APPENDIX B. SYSTEMATIC UNCERTAINTIES IN PP

For the C/A and C/A with minimisation algorithms, the yields at values of 75 /7;
~ 1, exhibit a slight suppression when the tracking efficiency is reduced. These bins
are populated by strongly single-core jets, where the second axis in the N = 2 case
is pulled to large angles by a soft track. If these soft tracks are not reconstructed
due to the reduced tracking efficiency, the second axis can remain in the core. This
slightly reduces the 7, value of the jet, without any significant change occurring to

the value of 7.

A ] b
[ PYTHA(s=7Tev Tracking Efficiency | [ PYTHIA{s=7Tev Tracking Efficiency
35:— Anti-k; charged jets, R = 0.4 E 35:— Antik; charged jets, R = 0.4 E
= [ Kk reclustering === 100% ] -~ [ ClAreclustering + === 100% |
£ 3 E £ o3 :3:"' ]
N L —— 96% ] ~ F —— 96% 9
= C ] = C ]
525 - 525 —
> Lk e+ ] S F + 4 ]
Z 2F = = Z 2F + —
© £ + £ 3 © £ - 7
g 15F . % E g 1o - E
£ * * = £ il 3
- B — t - ]
C == ] C = 7
0.5 = = — 0.5 g -
£ - - 1 £ - ]
bl ol L Pl d T Qb L 1l L i L LT
0 02 04 06 038 1 1.2 14 0 02 04 06 08 1 12 14
/T, /T,
(a) kr (b) C/A
A A
[ PYTHAIS=7Tev Tracking Efficiency ] [ PYTHA{S=7Tev Tracking Efficiency ]
3.5F Antik; charged jets, R = 0.4 ] 3.5 Antik, charged jets, R = 0.4 ]
-~ [ CIA+ Soft Drop (z=0.1,3=0) reclustering ——100% 7 — L C/A+ Minimisation reclustering —— 100% |
ro3E ] = 3 1
N F —— 96% 1 ~ F — 96% ]
S25- ] S25- & ]
> i + E Z o E
S % e E S % y E
£ 15- - - E £ 15F - + E
= C 1 = C - ]
< i o = E < - E
— r - E — = 1
05F o~ - = 0.5 e =
o A A S .. SO IR S R G:wﬁ“f‘\‘Hm”m”m”m”\”:
0 02 04 06 038 1 12 14 0 0.2 04 06 08 1 12 14
/T, /T,
(c) C/A + soft drop (d) C/A + minimisation

Figure B.3: The detector level 7, /7; distributions are shown for each reclustering

algorithm, measured with the default and reduced tracking efficiencies. The results

are shown for 40 < pjTef’ﬁzth < 60 GeV/ec.
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B.2 Truncation

A statistically rich response matrix will include contributions from all reconstructed
level bins into a single truth level bin (and vice versa), due to detector effects.
When producing a fully corrected result in a given range, the unfolding procedure
will consider the contribution from all bins in the data (in accordance with the
response matrix’s truth to detector level mapping). Due to the statistical limits of
the measured data sets, only a truncated input range can be supplied to the unfolding
procedure. The rules of matrix multiplication dictate that this range must also be
mirrored in the reconstructed level of the response matrix. In practice, this range
(20 < pj;t’Ch < 80 GeV/c in this work) is chosen so as to be sufficiently separated on
either side from the reported unfolded range (40 < pj;t’Ch < 60 GeV/c in this work),
since the amount of entires in a truth level bin, from any given reconstructed level
bin, is inversely proportional to the difference in value of the truth and reconstructed

bins.

The truncation uncertainty tests the adequacy of this separation. The lower bounds
of the input data and hence the response matrix at reconstructed level, are extended

to 10 GeV/c. Only an extension in the lower bound is considered, as the power law

behaviour of the pjﬁt’Ch distribution dictates that the effect of extending the lower

bound is much more significant than that of the upper bound (assuming the pji,ft’Ch
dependence of the detector effects is insignificant in comparison). In pp collisions,
only an extension in pjj'ft’Ch is considered, as the full range of available data in shape
bins is already supplied to the default unfolding. The truncation uncertainty is the

least significant of the systematic uncertainties considered here.
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B.3 Regularisation

This uncertainty reflects the choice of iteration chosen as the default unfolded so-
lution. Iterations above (iteration 7) and below (iteration 3) the chosen iteration
(iteration 4) are selected and compared to the default solution. Figures 4.22 and 4.23
show the magnitude of this effect, for the AR and 7,/7; shapes respectively. This

error is small, due to the fast convergence of iterations onto the true solution.

B.4 Prior

This uncertainty reflects the choice of MC generator, used to construct the response
matrix, on the unfolded solution. This is ascertained (in the absence of having access
to an independent event generator) by smearing the p];t":h and shape correlations
at truth level. Each entry (jet) in the response matrix is weighted according to its
7o /7 value at truth level. The weights are calculated in bins of 75 /7;, by comparing
(taking the ratio of) the unfolded and truth level 7, /7; distributions, as shown in
figure B.4. This translates into a moderate change in the response matrix, whilst still
keeping the values physical. The truth and unfolded distributions exhibit a slight
displacement relative to each other, whilst maintaining the same overall shape. The
same weights are used to evaluate the uncertainty for both the AR and 75/7; jet
shapes, since the aim of smearing the p];t":h and shape correlations is achieved,

regardless of the variable used in the weighting procedure.
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Figure B.4: The truth level and unfolded 75 /7; distributions, used to obtain the
weights for the prior systematic, are shown for each reclustering algorithm.

B.5 Numerical Values

The contributions of each source of systematic error, in terms of a percentage devia-
tion from the default solutions, are shown below. Tables B.1, B.2, B.3 and B.4 show
the systematic errors for the AR jet shape for each of the reclustering algorithms,

whilst tables B.5, B.6, B.7 and B.8 show this for the 75 /7; jet shapes.
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Systematic Uncertainties

Shape AR using kg reclustering

Shape interval 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.5
Tracking Efficiency | 4.4%  08%  0.9%  0.4%

Truncation fg:g% fg:g% fgjg% fg:g%

Regularisation 0% 1% 2% 9%
: +0.0 +0.2 +0.0 +1.0

Prior D% Top% Ton% Tooh

Table B.1: The percentage deviation of each systematic error, in comparison to
the final unfolded solution, is shown for the AR jet shape measured using the kp
reclustering algorithm.

Systematic Uncertainties

Shape AR using C/A reclustering

Shape interval 0.0-0.1 0.1-0.2 0.2-0.3 0.3-04 0.4-0.5
Tracking Efficiency | 20.9% 12.5% 04%  2.0%  0.1%

Truncation oo Tos% oo 120.%  Tog%
Regularisation % A% 0T % TO%
Prior Too%  T1s% Tos% 2% oo

Table B.2: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the AR jet shape measured using the C/A
reclustering algorithm.

Systematic Uncertainties
Shape AR using C/A with minimisation reclustering
Shape interval 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.5
Tracking Efficiency | 15.7%  6.8%  1.2% 1.2%
Truncation Too%  Toa%  Too% To1%
Regularisation | £37¢%  T19%  Tg% o2 %
Prior B0% 0% f0e% Ha%

Table B.3: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the AR jet shape measured using the C/A with
minimisation reclustering algorithm.
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Systematic Uncertainties
Shape AR using soft drop with C/A reclustering
Shape interval 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.5
Tracking Efficiency | 6.0%  0.3%  3.5% 3.5%
Truncation A% % oo T00%
Regularisation % Tos% % %
Prior 5% <ot % Ta% 0%

Table B.4: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the AR jet shape measured using the soft drop
with C/A reclustering algorithm.

‘ Systematic Uncertainties ‘

‘ Shape To/7; using kp reclustering ‘
Shape interval 0.0-0.2 0.2-04 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.2
Tracking Efficiency | 19.5%  7.5% 72%  52%  28%  25% 112%  6.1%

Truncation 9% % To% 0% %% Moe% A% %

Regularisation 0% %% %% % % fg:g% 2% %
: +0.0 +0.3 +0.0 +1.2 +3.5 40.0 +0.0 +0.0

Prior T Too% Tou% Tooe Too Too Tos Ty

Table B.5: The percentage deviation of each systematic error, in comparison to
the final unfolded solution, is shown for the 7, /7; jet shape measured using the kr
reclustering algorithm.

Systematic Uncertainties

Shape To/7; using C/A reclustering
Shape interval 0.2-04 0.4-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0
Tracking Efficiency | 2.7%  58%  0.3%  2.0% 02%  2.8%

Truncation Toak foo% Sgot% Sget% Tos% Toi%
Regularisation 2% TIE% 9% % % 1%
Prior ool To% Tlo% TRa% Tog% Foo%

Table B.6: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the 75/7; jet shape measured using the C/A
reclustering algorithm.
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Systematic Uncertainties

Shape To/7; using C/A with minimisation reclustering

Shape interval 0.0-0.2 0.2-04 0.4-06 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0
Tracking Efficiency | 27.1% 10.4% 3.1% 1.5% 14% 1.3%  3.6%

Truncation J_r(l):(l)% fg:g% fgjé% J_rgj(l)% fgj?% fgjg% f8;?%
Regularisation 2% t};ﬁ% f‘;’jé% ﬂjé% i%;?% ﬂj?% 2%
Prior % Foa% Top% 3% % I% foa%

Table B.7: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the 72/7; jet shape measured using the C/A
with minimisation reclustering algorithm.

Systematic Uncertainties

Shape 7o /7; using soft drop with C/A reclustering

Shape interval 0.0-0.1 0.1-0.3 0.3-04 0.4-0.5 0.5-0.7 0.7-0.8 0.8-0.9
Tracking Efficiency | 14.2%  8.7% 1.3% 2.8% 2.9% 5.7% 5.1%

: +0.8 +0.0 +0.5 +0.1 +0.0 +0.0 +0.0
Truncation TooZ Toa% Too%h o oo IZoa% Zgs% Ios%
Regularisation T TR0 T0bop  tR2gp HOdg TS A%
Prior Tad%  Teo% Too% Too% Tos% TSo% Too%

Table B.8: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the 7,/7; jet shape measured using the soft
drop with C/A reclustering algorithm.
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Systematic Uncertainties in Pb-Pb

A full description of the calculations undertaken to obtain the systematic errors, in
Pb-Pb collisions, is presented below. Unless explicitly stated, each error is calcu-
lated by performing the unfolding procedure with a modified response matrix. The
unfolded result is compared to the default unfolded solution, to obtain the system-
atic error for each bin. The first four systematic errors have already been described
in Appendix B and only the differences compared to the pp case will be discussed

below.

216
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C.1 Tracking Efficiency

The default tracking efficiency during the Pb-Pb data taking runs was 2% lower

than in pp, due to a reduced performance of the detector in the high multiplicity

environment of heavy ion collisions. The simulations are performed with tracking

efficiencies at 98% and 94% of the default used in pp collisions, for the corresponding

default and reduced cases in Pb-Pb collisions respectively. The effect of the reduced
jet,ch

tracking efficiency on the embedded level p7."™" distribution, shown in figure C.1, is

negligible.

LI s B e s B B S B B B L B

PYTHIA 5 = 2.76 Tev Tracking Efficiency

1 0-10% Pb-Pb Embedded

% 10—1 _D_Anti-kT charged jets, R = 0.4 —=— 98%
-
Q

|_10—2 -t:!-_‘:._.‘:'l —=— 94%
e

10—9 NP RPN IR RN R N R R R R
0 20 40 60 80 %OO 120 140 160 180 200
jet,c
p GeVic
T

(a) Embedded Level

Figure C.1: The embedded level pjTEt’Ch distribution is shown, measured with the
default and reduced tracking efficiencies.

The effects of the reduced tracking efficiency, on the embedded level 75 /7; distri-
butions, are shown in figure C.2. These effects are negligible across all algorithms,
due to the large number of low p$* background tracks (which are more likely to be
removed). The enhancement in the yield of two track jets (72/7; = 0) at reduced
tracking efficiency, as observed in pp, is not present here. This is also due to the large

number of background tracks remaining in the jet, after background subtraction.
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Figure C.2: The embedded level 75 /7; distributions are shown for each reclustering
algorithm, measured with the default and reduced tracking efficiencies. The results
are shown for 40 < pJTefLA,fTZth < 60 GeV/ec.

C.2 Truncation

In addition to extending the lower bound of the input pj{ft’(:h acceptance by 10 GeV/c,

the upper bound of the input shape acceptance is also separately extended to 1.2,
for all four reclustering algorithms. The default unfolding did not incorporate this

full range due to statistical limitations.
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C.3 Regularisation

The treatment of this systematic is identical to the pp case, with the same iterations
above and below (3 and 7) the default iteration (4) chosen. These iterations are
shown in figure 5.24. The contribution from this systematic is small, due to the

strong convergence already present by the third iteration

C.4 Prior

The same technique used to calculate the prior systematic in pp collisions, is repeated
here. The unfolded Pb-Pb and truth level distributions are shown in figure C.3.
The distributions exhibit strong similarities and their ratios do not induce a large

systematic contribution.

In addition to the method described above, a separate variation of the prior sys-
tematic is also considered in Pb-Pb collisions. The response matrix is weighted
according to each entry’s pj:,ft’Ch value at truth level. These weights reflect the en-
ergy shift of the jets due to quenching effects, which is estimated to be ~ 20% in
central Pb-Pb collisions [132]. The weights are extracted from the ratio of the the
two distributions shown in figure C.4. These are the pj;t’Ch distribution at truth
jet,ch

level and the same distribution but with a 20% downward shift applied to the p’.

of each entry in to the distribution.

C.5 Background Subtraction

Constituent subtraction is the default subtraction method used in this analysis.

As a systematic cross-check, we repeat the unfolding procedure using second or-
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Figure C.3: The unfolded Pb-Pb and truth level 75 /7; distributions, used to obtain
the weights for the prior systematic, are shown for each reclustering algorithm.

der derivative subtraction on the data and response matrix (at embedded level).
The differences in these subtraction techniques have been explored in section 5.2.
This systematic error is not considered for the soft drop with C/A algorithm, since

derivative subtraction is not computationally compatible with soft drop.

C.6 Event Plane

The asymmetry in the collision geometry of the nuclei (particularly in non-central
collisions), gives rise to a larger pressure gradient in one direction, compared to its

perpendicular orientation. An axis of symmetry, of the emitted final state particles,
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Figure C.4: The default and 20% downward shifted truth level pjz‘ft’Ch distributions,
used to obtain the weights for the prior systematic, are shown.

can be defined. This is known as the event plane [133]. Hadrons oriented in the
direction of the event plane (in-plane) acquire a positive py shift, compared to their
out of plane counterparts. Therefore, the probability of finding a high pr trigger
hadron in the in-plane direction, is increased. This induces a slight geometrical bias
in the measured data. However, when embedding jets, this bias is not accounted for

since the generated PYTHIA jets are embedded randomly within the Pb-Pb event.

The event plane systematic measures the effect of this bias on the unfolded solution.
Entries in the response matrix are weighted, according to their orientation with
respect to the event plane. Three orientations of in-plane, mid-plane and out of
plane are defined, each covering 7/3 in azimuth. The weights are extracted from
data, by measuring the orientation of the trigger hadrons in the signal class, with
respect to the event plane. This is shown in figure C.5. The ratio of the integrals of
the in-pane, mid-plane and out of plane sections of this distribution, with respect
to the integral of the in-plane section, form the weights. The obtained weights are

as follows: 1. In-plane : 1.0 2. Mid-plane : 0.987 3. Out of plane : 0.966
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The contribution of this systematic error is small, since the weights are close to

unity. This is due to the largely symmetric collision geometries of central collisions.
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Figure C.5: The orientation of the trigger hadrons in the signal class (TT{15,45}),
with respect to the event plane, is shown. The distribution is split in to three

sections of in-plane (0—%), mid- plane(Z—2) and out of plane (2% —).

3 3 3

C.7 Numerical Contributions

The contributions of each source of systematic error, in terms of a percentage devia-
tion from the default solutions, are shown below. Tables C.1, C.2, C.3 and C.4 show

the systematic errors for the 7, /7; jet shapes, for each of the reclustering algorithms.



223 APPENDIX C. SYSTEMATIC UNCERTAINTIES IN PB-PB

Systematic Uncertainties

Shape Ty /T; using kr reclustering

Shape interval 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0
Tracking Efficiency | 3.5%  1.1% 1.1% 1.8%

Truncation % 0% ot <%
Regularisation A% 0% e % 0%
Prior 0% tos% 9% ThE%
Subtraction HO90% TR TO0% it %
Event Plane % Siv'%  <io'n 109.%

Table C.1: The percentage deviation of each systematic error, in comparison to
the final unfolded solution, is shown for the 75 /7; jet shape measured using the kp
reclustering algorithm.

Systematic Uncertainties

Shape 7o /7, using C/A reclustering

Shape interval 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0
Tracking Efficiency | 2.9% 2.0% 0.6% 0.3%

Truncation fg:g% j{%l% f(—;g'l% fgﬁg%
Regularisation 3% 0i% I% o 1%.%

Prior 0% Too% Toe% o %
Subtraction i%?l% fgjg% ié;é% 1@8,1%

Event Plane fg:g% J_r(l)j?)% t?;g% J_rgj(l)%

Table C.2: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the 75/7; jet shape measured using the C/A
reclustering algorithm.
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Systematic Uncertainties

Shape To/7; using C/A with minimisation reclustering
Shape interval 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0
Tracking Efficiency | 2.8% 0.8% 0.4% 0.1%
Truncation <TOlg <gotgy <pol% 102 %
Regularisation T22% tgg% *0 0% 3%
Prior % Lg% Loo% %
Subtraction 0% toa% fg 2% %
Event Plane +0 0% fgg-l% 100 % <i01%

Table C.3: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the 75/7; jet shape measured using the C/A
with minimisation reclustering algorithm.

Systematic Uncertainties

Shape To/T; using soft drop with C/A reclustering
Shape interval 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1.0
Tracking Efficiency | 0.3%  0.5%  1.1% 0.7%
Truncation Tl T0e% TR % 2%
Regularisation 2% <% J_“;"é% 102 %
Prior f;:g% i8;3% iy 5% fgl;'il%
Event Plane “o'%  <got% 09.% 0%

Table C.4: The percentage deviation of each systematic error, in comparison to the
final unfolded solution, is shown for the 75/7; jet shape measured using the soft
drop with C/A reclustering algorithm.
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