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Abstract

The quark gluon plasma (QGP) is a high energy, high density state of matter that existed less than a second
after the big bang. The QGP is made of elementary particles called partons that interact through the strong
force, one of the fundamental forces of nature. The QGP can be created in ultra-relativistic heavy ion
collisions in order to study the strong force. This is done by colliding accelerated beams of heavy nuclei and
measuring the products of the collisions with a particle detector. In particle collisions, partons can scatter off
each other with a large momentum transfer, and when they come out of the collisions, they create collimated
sprays of particles that are called jets. In heavy ion collisions, these hard scattered partons make their way
through the QGP, interacting with it and losing energy, a phenomenon known as jet quenching. Jets created
in heavy ion collisions are modified with respect to jets created in vacuum due to the strong interactions
with the QGP. When partons are hard scattered, pairs of jets called dijets are emitted in opposite directions
with the same energy. When dijets are created in heavy ion collisions, they lose energy when they interact
with the QGP. Traveling different path lengths within the QGP can cause the dijets to become imbalanced
in momentum due to the associated energy loss. Thus, dijet measurements of jet quenching are a powerful
tool for studying the QGP and the strong force.

This thesis describes a measurement of the jet radius dependence of the momentum balance between leading
back-to-back dijets in Pb+Pb and pp collisions at a per-nucleon-pair center of mass energy /sy =5.02 TeV.
The data was collected by the ATLAS detector at the LHC, with a total integrated luminosity of 1.72 nb~*
of Pb+Pb collisions collected in 2018, and 255 pb~! of pp collisions collected in 2017. Jets were reconstructed
using the anti-k; algorithm with jet radius parameters R = 0.2,0.3,0.4,0.5 and 0.6. The dijet momentum
balance distributions are constructed for leading jets with transverse momentum pr from 100 to 562 GeV for
R =0.2,0.3 and 0.4 jets, and from 158 to 562 GeV for R = 0.5 and 0.6 jets. The absolutely normalized dijet
momentum balance distributions are constructed to compare measurements of the dijet yields in Pb+Pb
collisions directly to the dijet cross sections in pp collisions. For all jet radii considered here, there is a
suppression of more balanced dijets in Pb+PDb collisions compared to pp collisions, while for more imbalanced

dijets there is an enhancement. There is a jet radius dependence to the dijet yields, being stronger for

ii



more imbalanced dijets than for more balanced dijets. Additionally, jet pair nuclear modification factors are
measured. The subleading jet yields are found to be more suppressed than leading jet yields in dijets. A
jet radius dependence of the pair nuclear modification factors is observed, with the suppression decreasing
with increasing jet radius. These measurements provide new constraints on jet quenching scenarios in the

quark-gluon plasma.
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Chapter 1

Introduction

1.1 Quantum Chromodynamics

The Standard Model (SM) of particle physics is a quantum field theory that models matter and three of the
four fundamental forces of nature [1, 2]. Matter in the SM is described by fundamental fermionic particles
quarks and leptons, while interactions are mediated by bosonic force carriers. The SM particles are shown
in Figure 1.1. In terms of interactions, the SM describes the electromagnetic force, the weak force, and
the strong force, with gravity being left out. The SM is an instance of a gauge theory with gauge group
SU(3) x SU(2) x U(1).

Standard Model of Elementary Particles

three generations of matter
(fermions)

interactions / force carriers
(bosons)

mass | =2.2 MeWic =1.28 GeW/c? =173.1 GeW/e? 0 =125.11 GeVic*

charge | % % £ 0 1]
spin | % U Y C Y t 1 9 [] H
up charm top gluon higgs
d -’ -
=47 MeVict =96 MeVict =4 18 GeVic 0
-4 ¥ - 0
» » (& » b w
down strange bottom photon
-’ -7
=0,511 MeVic* =105.66 MeV/c? =1.7768 GeVic® =91.19 GeVic®
-1 -1 -1
¥ (= Y% I.l % T ;
electron muon tau Z boson
<1.0 eVict <0.17 MeVic? <18.2 MeVic? =80.360 GeVic?
0 0 0 1
" Ve " Vl-l " Vi 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1: Fundamental particles of the Standard Model. Figure taken from [3].

Among the building blocks of the SM is Quantum Chromodynamics (QCD). QCD is a gauge theory
with gauge group SU(3) that models the strong interaction between quarks and gluons, where gluons are
the force carriers, and quarks are matter. Quarks and gluons are collectively called partons and carry color

charge that enables the strong interactions. Color charge can be of types red, blue, and green, along with the



corresponding anti-charges.
The QCD Lagrangian has the form
1 N _
‘CQCD = —ZGZDGgV -+ Z (i\I/i[lDij\I/j[ - m]\I/]\If[) . (11)

I=1

The first term is the usual Yang-Mills term, with G}, being the gluon field strength. Here, u,v =0,1,2,3
are Minkowski spacetime indices and a = 1, ..., 8 corresponds to the eight types of gluons. G, is given in

terms of the gauge field Af(z) representing the gluons by an expression of the form
Gy, = 0,45 = 0, A5 + g f5. AL A, (1.2)

where f{ are the so-called structure constants of SU(3) and g is the coupling constant (subject to renormal-
ization).

The second term in the action corresponds to the usual Dirac Lagrangian coupled to the gauge field A7,
where the fields ¥, (x) are spinors representing the quarks, j = 1,2, 3 being the color index, and I =1,...,6
being the flavor index. The Dirac operator IJ involves the Dirac v matrices and the gauge covariant

derivative, while my is the quark mass of the corresponding flavor of quark (also subject to renormalization).

1.1.1 Asymptotic freedom and color confinement

A notable feature of QCD is that gluons can interact among themselves. This self-interaction has the
consequence that the coupling of QCD is small at small distances and large at large distances. This in turn
leads to two other characteristic features of QCD, which go by the name of asymptotic freedom and color
confinement.

The QCD coupling constant «; as a function of momentum transfer @ is shown in Figure 1.2 [2], where @
gives the energy scale of the strong interaction. The QCD coupling constant is obtained using perturbation
theory to make predictions for experimental observables. Various experiments and models are used to extract
the value of ay, including measurements of jets, 7, and quarkonia, along with up to next-to-next-to-next-to
leading order (N3LO) calculations. The coupling constant ay is observed to decrease with increasing @,
meaning that strong interactions are stronger at low energies and weaker at high energies, asymptotically
approaching zero at very high energies. This implies that at high energies, partons can move “freely”, a
phenomenon known as asymptotic freedom.

On the other hand, at low energies, partons can only exist in bound states that are color neutral, a

phenomenon known as color confinement. Since there are three types of color charges and anti-charges, the
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Figure 1.2: QCD coupling constant a; as a function of momentum transfer Q). Figure taken from [2].

bound states of partons can be of two types: baryons, which have three quarks (each one with a different
color), and mesons, which have two quarks (each one with a color and an anti-color). Baryons and mesons
are collectively called hadrons, and the process in which hadrons are formed is called hadronization.

Figure 1.3 shows a phase diagram of QCD matter as a function of temperature and baryon density.
Hadrons exist in the low temperature, low baryon density region of the phase space. At higher temperatures

and densities, partons are deconfined, and a state of matter called a quark gluon plasma is formed [4].

1.2 Quark Gluon Plasma

About 10 us seconds after the Big Bang, the only thing that existed was a hot, dense state of matter
composed of quarks and gluons [4]. Under normal conditions, partons are found only in a confined state
within hadrons [1]. In the conditions of the early universe though, partons gained asymptotic freedom,
and reminiscent of particles in a plasma, this state of matter was called the quark gluon plasma (QGP).
Interestingly, experiments have shown that the QGP behaves like a liquid with very low specific viscosity and
shows a flow behaviour that is consistent with an ideal fluid [4].

Nowadays, the QGP can be created using particle accelerators, such as the Relativistic Heavy Ion Collider
or the Large Hadron Collider [5]. A diagram of how the QGP is produced using particle colliders is shown

in Figure 1.4. Two opposing beams of heavy nuclei that have been accelerated close to the speed of light
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Figure 1.3: Phase diagram of QCD matter as a function of temperature and baryon density. Figure taken
from [4].

are collided. The QGP is produced during the collision, existing in a liquid form for approximately 10~22s.

Then the QGP expands, its particles cool down and hadronize, and interactions end in a freeze out [6].
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oci)g‘%)
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88,

Colliding Collision  Quark Gluon  Hadronization Freeze out
nuclei Plasma

Figure 1.4: Diagram of the QGP formation and evolution in ultrarelativistic heavy ion collisions.

During these ultrarelativistic heavy ion collisions, partons undergo mostly low momentum scatterings
that contribute to the formation of the QGP [7]. However, a few scatterings can involve a large momentum
transfer and are called hard scatterings. These hard scatterings happen before the QGP is formed, so the

hard scattered partons interact with the other particles in the QGP as it evolves.



1.2.1 Collision geometry

The QGP formation and evolution depends on the collision geometry. Ideally, the collision geometry would
be characterized by the impact parameter of the colliding nuclei. However, the impact parameter cannot be
directly measured in experiments, so the geometry is instead characterized by the collision centrality.

The collision centrality is defined through the Glauber model [8]. In Monte Carlo simulations of the
Glauber model, nuclei are modeled with a nucleon density given by a Fermi-Dirac distribution, and the

number Ny, of nucleons participating in the collision is counted for a given impact parameter. Nucleons

NN

inels Where oNN is the

are counted as collision participants if the distance between them is smaller than /o inel

inelastic scattering cross section of the nucleons measured from experiments. In other words, the nucleons
are considered participants if they are closer than their probability of interaction in units of length. An

illustration of a Glauber collision is shown in Figure 1.5, where the nucleons are drawn as circles with radius

NN

Tinal/T/2 and the participating nucleons are shown in darker colors. The plane perpendicular to the

collision line is called the transverse plane! and it is where the impact parameter lies.
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Figure 1.5: Tllustration of a Glauber collision viewed (left) from the transverse (z-y) plane and (right) from
the collision line (z axis). The nucleons are drawn as circles. Darker circles represent participating nucleons.
Figure taken from [8]

The Glauber model assumes a monotonic relationship between Npar¢ and the number of particles emitted
in the collision. The cross section per unit of the number of charged particles N, is called the charged
particle multiplicity, and an illustration of this distribution in Glauber collisions is shown in Figure 1.6. In
the Glauber model, the collision centrality is defined as the percentiles of the charged particle multiplicity

distribution. The impact parameter is varied in the Glauber simulations and an average (Npart) is obtained

1Tt is worth mentioning that quantities measured in the transverse plane are usually denoted with a 7 subscript.



per centrality. A smaller impact parameter correlates with a larger number of participants, which in turn
yields a larger number of emitted particles. The Glauber model has been tested in experiments, as will be

seen in Section 2.1 with the measurements of the nuclear modification factor.
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Figure 1.6: Illustration of the charged particle multiplicity distribution in Glauber collisions. Figure taken
from [8]

In this sense, the collision centrality corresponds to the amount of overlap between the cross sections of
the colliding nuclei. If the colliding nuclei overlap fully, it is called a central collision, and if they overlap
little, it is called a peripheral collision. Central collisions are expected to produce more particles and deposit
more energy in particle detectors than peripheral collisions.

In experiments, centrality can be defined in terms of other quantities, like the energy measured by the
particle detectors, instead of the particle multiplicity. In the ATLAS experiment, centrality is defined as
the percentiles of the distribution of collisions as a function of the total energy measured in the forward
calorimeters, as shown in Figure 1.7. In this case, 0-10% corresponds to the 10% most energetic, most central

collisions, while 40-100% corresponds to the 60% lowest energy, peripheral collisions.
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Figure 1.7: Number of collisions as a function of total energy measured in the ATLAS forward calorimeters.
The percentiles correspond to the centrality intervals. Figure taken from [9].

1.2.2 Flow in the QGP

Interactions among partons in the QGP create a collective behavior called flow [10]. The main idea is that
the initial geometry of the colliding nuclei creates pressure gradients inside the QGP that cause particles to
be emitted anisotropically [11].

The azimuthal distribution of emitted particles can be described by a Fourier series with terms of nt?
order given by % o« 1437 2v,c08(ngy,), where N is the number of particles, v,, is the magnitude of the
n*" order modulation, and ¢, is the angle between the particle and the n'* event plane [12].

Figure 1.8 shows a diagram illustrating flow with an elliptic geometry [5]. In this diagram, the red and
blue spheres represent the colliding nuclei in their initial state, while the yellow-red ellipse represent the
volume of the QGP that is formed during the interactions. Then the QGP expands with a pressure gradient
given by the elliptic geometry and particles are emitted with a modulation.

Flow has been measured in large systems such as Pb+Pb (lead collisions) and Au+Au (gold collisions).
At a low per-nucleon-pair center of mass energy of /s, = 130 GeV, the STAR experiment first measured
elliptic flow in Au+Au collisions [13]. Figure 1.9 shows the ve coefficient measured by STAR as a function of
centrality and charged particle transverse momentum. It is observed that v, is larger towards mid-central
collisions and for larger charged particle transverse momentum. The non-zero vs is expected from the elliptical
initial geometry of the Au+Au system.

Flow has been measured at larger energies as well. For example, the ALICE experiment has measured the

vy, coefficients up to the fifth order for Pb+PDb collisions at /s = 2.76 and 5.02 TeV [14, 15]. These can be



Figure 1.8: Diagram of an elliptic collision geometry that gives rise to flow in the QGP. (left) The red and
blue spheres represent the colliding nuclei, while the yellow-red ellipse represent the volume of the QGP
created. (right) The QGP expands with a pressure gradient given by the elliptic geometry. Figure taken
from [5].

seen as a function of centrality in Figure 1.10 and as a function of charged particle transverse momentum in
Figure 1.11. In this case, non-zero v3, v4, and vs are observed in addition to vo, and correspond, respectively,
to more triangular, quadrilateral, and pentagonal geometries of the colliding nuclei that arise from fluctuations
in the initial position of the nucleons.

Flow can also be measured in smaller systems [16]. Figure 1.12 shows the vy and vz coefficients measured
by the PHENIX experiment for three systems: proton-gold (p+Au), deuteron-gold (d+Au), and helium-3-gold
(*He+Au). The hydrodynamic evolution of this systems as obtained from the SONIC model [17] is also shown.
It is observed that the 3He+Au system has a more triangular geometry and the d+Au system has a more
elliptical geometry. This leads to the 3He4+Au system having a larger vs than the other two systems, while
both the d+Au and *He+Au systems have a larger v, than the p+Au system. In general, the vy coefficient
correlates with an elliptic initial geometry, v3 correlates with a triangular initial geometry, and so on [16, 18].

Flow in the QGP can be understood in terms of viscous hydrodynamics [7, 19] and flow measurements
can be used to constrain the properties of the QGP. Elliptic flow has been used to obtain the specific viscosity
of the QGP [20]. The basic procedure for obtaining the QGP specific viscosity is by implementing theory
models in simulations and comparing them to data. The theory models estimate the initial properties of
the QGP and then tune them to data such as the v, coefficients. The QGP system evolves from some
initial state to a final state following equations of state that include viscous terms. In Ref. [20], fourteen
model parameters are used to estimate the specific viscosity n/s as a function of temperature using Bayesian

methods. These parameters include: initial energy density of the QGP, initial transverse densities of the



0.1

0.08

0.06

0.04

0.02

—— | —

@ | E—

[ —

v v s by s by by g g 1y

o

0.2

0.4

n

In

ch’” "max

o

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04

0.02

—e-
—e-
-o-

—+
—4
IR RRRE RAR1 FERY FTE FETE Kwns awn FRRE FATR

(=)
S T

02 04 06

08 1 12 14 16 18 2

p, (GeVic)
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VSnN = 130 GeV. Figure taken from [13].
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colliding nuclei, effective size of the nucleons, dimensionless parameters, among others. The specific viscosity

of the QGP has been found to be very small and close to the theoretical limit of h/4nkp [21], which makes

the QGP the most perfect fluid known.
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Figure 1.12: (left) v, coefficients as a function of momentum measured by the PHENIX experiment for three
systems: proton-gold (p+Au), deuteron-gold (d+Au), and helium-3-gold (*He-+Au). (right) Hydrodynamic
evolution of the systems in the transverse x — y plane, showing the system temperature (color scale), obtained
from the SONIC model. Systems have a per-nucleon-pair center of mass energy /sy = 200 GeV. Figures
taken from [16].
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1.3 Jets

Due to color confinement, separating the quarks inside a hadron requires an amount of energy that increases
with the distance between the quarks. When the energy between the quarks is large enough, a new quark-
antiquark pair is created. This hadronization process is illustrated in Figure 1.13. When partons are hard
scattered, they undergo various hadronizations until no more energy is available, resulting in a collimated
spray of particles called a jet. By measuring jets, the kinematics of the initial hard scattered partons can

be reconstructed. Jets are emitted in pairs, called dijets, that travel in opposite directions with the same

momentum magnitude.

Figure 1.13: Illustration of quarks being separated until a new quark-antiquark pair is created.

Jet experiments consist of a particle accelerator that collides two beams of nuclei, and a particle detector
around the beam line, centered at the collision point. The z-axis is typically defined along the beam line and
the perpendicular plane is called the transverse plane. Cylindrical coordinates (r, ¢) are used in the transverse
plane, with ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined as n = — Intan(6/2)
in terms of the polar angle 6, and is preferred over 6 because of Lorentz invariant properties.

Jets of energy E and momentum p have energy and momentum in the transverse plane given by
Er = Esinf and pr = psin 6, respectively. Jet measurements focus on these transverse quantities because
the total momentum of hard scattered partons in the transverse plane is known to be zero due to the initial
momentum being fully along the beam direction. The rapidity is defined as y = 0.5In[(E + p,)/(E — p.)]
where p, is the z-component of the momentum along the beam direction. At sufficiently high energy, when

the jet mass is small compared to the jet momentum, y and 7 are approximately the same.
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1.3.1 Jet definition

The formal definition of jets involves computational algorithms that cluster detector signals within some
parameters. The preferred clustering algorithm is the anti-k; algorithm [22]. This algorithm uses an iterative
procedure that takes a list of “objects” and groups them within a jet radius R. The objects can be particles,
tracks, calorimeter segments, etc., as long as they have momentum pr and position given by coordinates
(¢,m). The jet radius R is an input parameter of the algorithm, selected by the user.

The procedure for clustering anti-k; jets of radius R is the following. First, a list of “objects” is

considered. For every pair of objects, distances d;; = min(pizi, p}zj) ﬁj and d;p = p;:‘; are calculated, where
A?j = (n; —n;)? + (¢i — ¢;)? is the distance between objects i and j, and (¢;,7;) and pr; are the position
and momentum of object 4, respectively. Then comes an iterative process that compares the distances d;;
and d;p to find the smallest distance. If d;; < d;p, the pair of objects is combined into a single object, i.e.,
their four-momenta are added and their positions are averaged by their energy. If d;; > d;p, the object is
considered a jet and taken out of the list. The process is repeated until all objects are taken out of the list.

The anti-k; algorithm gives preference to clustering objects that are higher in energy and are spatially close.

1.3.2 Jets in vacuum

Jets in proton (pp) collisions are well described by QCD. Jet cross sections are obtained from next to
leading order (NLO) calculations in perturbative QCD and corrected for non-perturbative effects. The
non-perturbative effects include contributions from the parton distribution functions (PDFs), the formation
of hadrons, and the background from the collisions [23-27]. PDFs describe the distribution of quark momenta
within nucleons [1].

The cross section for hadron production from jets in pp collisions (the process pp — hX) can be obtained

to leading order from perturbative QCD as [28]:

dopp—shx = Z/dxa/dxb/dzjfa/p(xmﬂf)®fb/p(xba.uf)®d0'ab—>jd(ﬂfa,uFuU/R)®Dj—>h(zja,uF) (1.3)
abjd

Here, z, and x; are the initial fractions of momentum carried by partons a and b, each one in a colliding

proton, with respect to the proton momentum. Similarly, z; is the fraction of momentum carried by the

hadron in the final state, with respect to the total jet momentum. The PDFs of the interacting partons a

and b are given by f,/,(%a,py) and fy/,(2, itf), respectively, where iy is the factorization scale. The cross

section for the hard scattering of the partons is given by dogp—;a(ter, ir, r), where pp is the fragmentation

12



scale and ug is the renormalization scale. The scales are usually given by the scale of the hadron transverse
momentum pr or the momentum transfer Q. Finally, D;_5(2;, ur) is the fragmentation function (FF) from
parton j to hadron h. The hard scattering cross section can be calculated from perturbative QCD, while
PDFs and FFs are obtained experimentally.

The CMS experiment has measured the jet cross sections in pp collisions with a center of mass energy of
/s =276, 7, 8, and 13 TeV, and has found that they agree with theory predictions within uncertainties [26,

27]. Similarly, ATLAS has measured the jet cross sections for /s = 7, 8, and 13 TeV, which agree with

theory as well [23-25]. Figure 1.14 shows the jet cross sections measured by CMS and ATLAS.
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Figure 1.14: Distributions of R = 0.4 jets per unit of transverse momentum pr and rapidity y as a function
of pr. (left) Jet distribution measured by ATLAS in proton collisions at a center of mass energy /s = 7
TeV. The data (black points) is compared to theory (yellow points) [23]. (right) Jet distribution measured by
CMS in pp collisions at a center of mass energy /s = 13 TeV. The data (black points) is compared to theory
(red points) [26].

1.3.3 Jets in medium

In heavy ion collisions (such as Pb+PDb), jets come from hard scattered partons that traversed the QGP. Jets
can lose energy due to strong interactions with the medium, a phenomenon that is known as jet quenching.

The cross section for hadron production is thus modified with respect to pp collisions. First, the PDF's of
nuclei are different than for single protons, which modifies the initial state. Second, partons traversing the

QGP experience energy loss in the form of collisions and radiation, as seen in the diagrams in Figure 1.15. In
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this case, the hadron production cross section for colliding nuclei A and B is given by [28]:

doapnx ~ Y /dxa/d:vb/dzjf;/,q(xmuf)®f{,/3(fﬂb,uf)®d0ab—>jd(uf,uF,uR)
abjj'd (1.4)

® Pjjr @ Dy (2}, pir)
where the PDFs are now for nuclei and an additional interaction term P;_,; is included to account for the

parton energy loss.

v

L

Figure 1.15: Diagrams for parton energy loss in the form of collisions (left) and radiation (right). Figure
taken from [28].

Jet energy loss can be studied in a variety of ways, such as the measurements of the nuclear modification
factor, the jet v,, the fragmentation functions, and the dijet momentum balance, which are described in
detail in Chapter 2. Jet quenching and hydrodynamic flow are the most important signatures of the QGP
and confirm its existence.

This thesis focuses on studying jet energy loss by measuring dijets created in heavy ion collisions. Each
jet in a dijet from a heavy ion collision follows a different path within the QGP, and interactions with the
medium can cause each jet to lose a different amount of energy [29]. Figure 1.16 shows an illustration of
dijets in vacuum (proton collisions) and in medium (heavy ion collisions). The most energetic jet in the dijet
is called the leading jet, and the second most energetic, the subleading jet. Jet energy loss can be studied by

comparing the momenta of the leading and subleading jets in vacuum and in medium [9, 30-32].

1.4 Overview of this thesis

In order to understand the properties of the QGP at short distances, high transverse momentum (pr) probes
such as jets are used [33]. Jets traversing the QGP experience jet quenching, characterized by a reduction in
the overall jet energy compared to expectations from collisions in vacuum. This phenomenon is understood

to arise from radiative and collisional energy loss reducing the jet pr by moving energy associated with the
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Figure 1.16: Tllustration of dijets in a proton collision (left) and a heavy ion collision (right).

initial parton to wider angles, with some of it ending up outside the jet cone [34].
Jet quenching is typically quantified by the overall rate of jets in a given centrality interval in Pb+Pb
collisions and at a given pp compared to expectations from pp collisions, commonly known as the nuclear

modification factor:

1 dNAA doP?
Ran = — et ( T Jet) 15
AA = NER gy (Tan) e ) (1.5)

where N2 is the total number of minimum-bias Pb+Pb events and (Txa) is the mean nuclear thickness
function [35] for the centrality interval. This normalization accounts for the geometric enhancement in hard
scattering rates in Pb+PDb collisions with respect to pp collisions. The jet yield in Pb+PDb collisions is Nj%tA’
and the jet cross section in pp collisions is Uj’g;, both measured as a function of the jet transverse momentum
pr. The nuclear modification factor is described in detail in Section 2.1.

Measurements of the azimuthal anisotropy of jets [36] have shown that the geometry of the overlapping
nuclei affects the relative rates of jets measured in Pb+Pb collisions. Jet anisotropies are discussed in detail
in Section 2.2. Additionally, jets are also expected to experience jet-by-jet fluctuations in the energy-loss
process [37].

Jets are largely produced in pairs in 2 — 2 partonic scattering processes. The QCD evolution of the
partons after the scattering gives rise to dijets. The two jets are expected to experience asymmetric energy
loss due to traversing unequal path lengths in the QGP [29], driven by the geometry of the overlapping nuclei
and the relative orientation of the jet trajectories through the QGP. In heavy-ion collisions, dijets provide a
complementary probe to single jets for studying jet quenching. In general, the measurement of the pt balance

of dijets provides a way to constrain the relative importance of fluctuations and geometry in jet quenching.

In order to compare the transverse momenta of the two jets comprising a dijet, the dijet momentum
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balance is measured:

Ty =pr2/PT]1 (1.6)

The dijet is constructed using the two highest pr jets in a collision, with pr; being the transverse momentum
of the highest-pt jet, the leading jet, and pr > being the transverse momentum of the second-highest-pr jet,
the subleading jet.

In pp collisions, the showering process in vacuum, as well as higher-order scattering processes, can lead
to imbalanced dijet transverse momenta. However, the most probable situation is that the jets are nearly
balanced in pr [38, 39]. Previous dijet measurements in Pb+Pb collisions have shown that jets are more
likely to be more imbalanced in Pb+Pb collisions than in pp collisions [38-41]. Reference [39] addressed the
absolute rate at which R = 0.4 dijets are produced in Pb+Pb collisions, assessing whether leading dijets are
suppressed at levels similar to those for inclusive jets [42]. This dijet momentum balance measurement is
discussed in detail in Section 2.4.

This thesis corresponds to the work in Reference [43] and extends the dijet momentum balance studies of
Reference [39] by varying the jet radius parameter of dijets in Pb+Pb and pp collisions at a per-nucleon-pair
center of mass energy /sy = 5.02 TeV. Measurements of the jet radius dependence of the dijet balance are
particularly interesting because they are sensitive to the location of the lost energy from jet quenching than
is available with single jet measurements.

These measurements use 1.72 nb~' of Pb+Pb collisions, collected in 2018, and 255 pb~* of pp data,
collected in 2017, with the ATLAS detector [44] at the LHC. Jets are reconstructed using the anti-k;
algorithm [22] with radius parameters R = 0.2,0.3,0.4,0.5 and 0.6. The analysis is conducted independently
for each of the jet radius values. In each case, leading dijets are constructed from the two highest-pr jets in
the event and are required to have the two jets nearly back-to-back in azimuth with A¢ = |p1 — ¢o| > T7/8
and |y| < 2.1. The measurement is performed for pr values from 100 to 562 GeV for R = 0.2,0.3 and 0.4
and from 158 to 562 GeV for R = 0.5 and 0.6. Subleading jets are reported for xy > 0.32 for each leading jet
pr selection. Collisions in which the two highest-pr jets do not meet the selection criteria are discarded.

The primary observable for this measurement is the two-dimensional yield of dijets:

d2 Npair

1.7
dpr,1dpT2 (L7)

where Npair is the number of dijets passing the selection criteria. Projections of these two-dimensional

distributions can be used to construct zy distributions as a function of pt; and pr .
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This thesis presents results of the absolutely normalized xj distributions in Pb+Pb collisions:

1 dANAS
P2t (1.8)
<TAA>N§,§ dl‘J

and the equivalent in pp collisions with integrated luminosity Lpy:

L dN}fgir (1 9)
Lpp d:L"] '

Similarly, the dijet-yield-normalized xj distributions are defined as:

1 dNpair
Npair de

(1.10)

which have a normalization that was used in previous dijet measurements [38-41].
The absolutely normalized x; distributions allow a direct comparison between the dijet rates measured in

Pb+Pb and pp collisions. This comparison is quantified by the ratio:

AA pp
Jaa = A L Wi | (1.11)
<TAA > NC‘%‘? dl"] Lpp d:L'J

Finally, the absolutely normalized xj distributions can be integrated over the measurement range of

0.32 < 25 < 1.0 (and the corresponding ranges in pr 1 and pr2) to construct the absolutely normalized dijet
yields in Pb+Pb collisions:
1 P11 dQNpAgﬁ q (1.12)
T N ANTAA T ;. 4dpPT,2 .
(Tan)N&E Jos2xpr, dpradpr o
and the dijet cross sections in pp collisions:
1 [PT1 d?NPP,
— — P _dpro. (1.13)
Lpp 0.32xPT,1 de,ldPT,z

Analogously to the nuclear modification factor, the pair nuclear modification factors for dijets as a function

of the leading and subleading jet pr respectively, can be defined as:

PPN
Rpair - (Taa)NAE J0.32xpT 1 dPT,1dPT 2 T,2 14
aa(pra) === 5 ENTT (1.14)
) pair

———rar
Lyp J0.32xPT1 1 dPT,1dPT,2 pT2
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and

1 Pr,2/0.32  d*NAY
RYS (ppp) = CAONET P2 PTIdpTa Pr1 (1.15)
AA (PT.2 L (PT2/032 NG ' :
Lpp JPT,2 apradpr2 “PT:1

By integrating over pr o (pr.1), one can access information from RYY (pr.1) (R34 (pr.2)) about the differential
rate of dijet production in leading (subleading) jet pt bins. Comparison of these two quantities at a fixed jet
pr provides information about the suppression of leading and subleading jets.

This thesis provides a measurement of dijets in Pb+Pb and pp collisions focusing on the xj, Jaa, and

Rfﬁr distributions for various jet radii. Together, they provide a comprehensive study of jet energy loss of

dijets in a QGP.
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Chapter 2

Measurements of jet quenching

2.1 Nuclear modification factor

The nuclear modification factor [45—47] is an observable that quantifies jet quenching by comparing the
number of jets in collisions where there is a QGP (for example, Pb+Pb collisions) with collisions in vacuum
(pp collisions). The nuclear modification factor Raa is defined as the ratio of the jet yield in Pb+PDb collisions

to the jet cross section in pp collisions:

1 d*Njes
e T cont (2.1)
(Taa) dprdy

Baa =

pp

Here, the jet yields are obtained as a function of jet transverse momentum pr and rapidity y. The Pb+Pb
jet yield is obtained for different collision centralities and is normalized by the number of events Ney ¢ and the
mean nuclear thickness function (Ta), which is the average number of nucleon-nucleon collisions divided
by the total inelastic nucleon-nucleon cross section, as obtained for a given centrality from Monte Carlo
simulations of the Glauber model [8]. Heavy ion collisions are expected to have a larger number of per-collision
hard scatterings compared to proton collisions (because Pb has ~ 200 times more nucleons than p), so (Tan)
is introduced as a normalization factor to compensate for this effect, as well as to account for the units in the
jet cross section.

Figure 2.1 shows the nuclear modification factor as a function of jet transverse momentum for various
collision centralities [45], measured by the ATLAS experiment. These Raa measurements show that jet
quenching increases with collision centrality, with approximately half of the jets being suppressed in the most
central collisions. Additionally, jet quenching decreases (increasing Raa) with the jet transverse momentum.
The CMS and ALICE experiments have also measured the Raa, and their results are in agreement with

ATLAS, as can be seen on Figure 2.2 [47].
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Figure 2.1: The nuclear modification factor Raa as a function of jet transverse momentum pr, for various
collision centralities and for per-nucleon-pair center of mass energy /syny = 5.02 TeV, measured by ATLAS.
Figure taken from [45].
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Figure 2.2: Comparison of the nuclear modification factor Ras measured by the CMS, ALICE, and ATLAS
experiments. The Raa is shown as a function of jet transverse momentum pp for central collisions and for
per-nucleon-pair center of mass energy /syy = 2.76 TeV. Figure taken from [47].
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The nuclear modification factor can be measured for various types of probes in order to study various
types of interactions. For example, jets initiated by different partons are expected to interact differently with
the QGP due to the difference in their masses and flavors. That is the case of the b-jet Raa [48, 49], where
the Raa of jets initiated by a b quark is measured. Figure 2.3 shows the b-jet Raa as a function of Npar¢
(and centrality) in Pb+Pb and pp collisions, and the ratio of the b-jet Raa to the inclusive jet Raa in 0-20%
central Pb+Pb and pp collisions. The b-jet Raa is observed to be larger than the inclusive Ry where no

parton selections are made.
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Figure 2.3: (left) b-jet Raa as a function of Npay (and centrality) in Pb+Pb and pp collisions with per-
nucleon-pair center of mass energy /syn = 2.76 TeV. (right) Ratio of the b-jet Raa to the inclusive jet
Raa in 0-20% central Pb+Pb and pp collisions with per-nucleon-pair center of mass energy /syy = 5.02
TeV. Figure taken from [48, 49].

pair

Another example is the R\ of dijets [39]. Figure 2.4 shows the Raa of leading and subleading jets as a
function of jet transverse momentum for 0-10% central Pb+Pb and pp. This figure shows that subleading
jets are more suppressed than leading jets in Pb+Pb collisions compared to pp collisions.

Even uncolored probes can be used to measured the Raa, as is the case of photons [50] and Z bosons [51].
Since photons and Z bosons do not carry color charge, they are not expected to interact with the QGP. Thus,
their yields in Pb+Pb collisions are expected to be the same in pp collisions, giving Raa ~ 1. This is seen
in Figure 2.5, which shows the Ra of photons as a function of photon transverse energy and the Raa of
Z bosons as a function of (Npay) (which correlates with centrality). In both cases, these uncolored probes

allow for a test of the Glauber model [8] and the quantities obtained from it, such as (Taa) or (Npar)-
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Figure 2.4: Raa of leading and subleading jets as a function of jet transverse momentum pr, for 0-10%
central Pb+Pb and pp collisions at per-nucleon-pair center of mass energy /syy = 5.02 TeV. Figure taken
from [39].
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Figure 2.5: (left) Photon Raa as a function of photon transverse energy Er, for 0-10% central Pb+Pb
and pp collisions at per-nucleon-pair center of mass energy /syn = 2.76 TeV. (right) Z boson Raa as a
function of (Npart), for Pb+Pb and pp collisions with per-nucleon-pair center of mass energy /syn = 5.02
TeV. Figure taken from [50, 51].
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2.2 Jet v,

In a heavy ion collision with an initial elliptic geometry, jets are emitted with an azimuthal anisotropy [52].
Jets that follow a path close to the major semi-axis of the ellipse are expected to be more suppressed than
those that travel through the minor semi-axis. This difference in jet suppression is due to the path length
dependence of in medium parton energy loss, which causes jets to lose more energy and be more quenched

when travelling a longer distance within the QGP. This causes an azimuthal modulation of jets that can

be described by a Fourier series ZZZ;S: x 1+ 2v,c05(nA¢y), where Nj¢ is the number of jets, v, is the
magnitude of the n'® order modulation, and Ag, is the angle between the jet and the n'* event plane [12].

The angular distribution of jets with respect to the second, third, and fourth order event planes can
be seen in Figure 2.6 for jets in 10-20% central Pb+Pb collisions. It can be seen that the modulation has
the biggest contribution from the elliptic (second order) term, followed by the triangular (third order) and
quadrilateral (fourth order) terms. Similarly, Figure 2.7 shows the jet va, v3, and vy coefficients as a function

of centrality. The measurements show a non-zero vy and w3 coefficients, while v, is consistent with zero

within uncertainties.
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Figure 2.6: Angular distribution of jets with respect to the second (left), third (middle), and fourth (right)
order event planes for jets with 71 < pr < 79 GeV in 10-—20% central Pb+PDb collisions. Figure taken
from [52].

Pb+Pb collisions have an initial collision geometry given by the amount of overlap between the cross
sections of the colliding nuclei, which depends on the centrality. For mid-central collisions, this overlap region
has an approximately elliptic shape, so a non-zero v, is expected to arise from this initial state geometry,
while any non-zero vz and v4 have to come from fluctuations of the position of the nucleons in the initial
state.

Given that jet energy loss can be explained in terms of a path length dependence, the vy in mid-central
collisions is expected to show a stronger pr dependence than for peripheral or central collisions. In peripheral
collisions there is little energy loss because less QGP is created. In central collisions the initial geometry

is circular, which does not introduce a strong path length dependence, so jet energy loss is also expected
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Figure 2.7: Jet vy, vs, and vy coefficients as a function of centrality. Figure taken from [52].

to be small in this case. This can be seen in Figure 2.8, which shows the jet vy coefficient as a function of

centrality for different momentum ranges.
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Figure 2.8: Jet vy coefficient as a function of centrality for different momentum ranges. Figure taken from [52].

2.3 Fragmentation functions

Interactions with the QGP can modify not only jets as a whole, as evidenced by the Ras and jet v,

measurements, but also the jet substructure. These modifications of the jet substructure can be quantified
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through measurements of fragmentation functions [53]. Consider the fragmentation functions:

1 dnch
D = 2.2
(vr) = 5 (2:2)
1 dnch
D(z) = 2.3
()= 5 (2.3)

where 7, is the number of charged particles inside a jet, Vi, is the number of jets, pr is the transverse

Jot

momentum of a charged particle, and z = 5T cosAR, with p’Tet being the jet transverse momentum, and
T

AR = /An? + A¢? being the distance between each charged particle and the jet axis. Note that z is the
fraction of the jet transverse momentum carried by a charged particle inside a jet, projected to the jet axis.

Additionally, differences between Pb-+Pb and pp collisions can be quantified by the ratios:

D(2)|pbpb
=7/ 2.4
RD(z) D(Z)‘pp 24)
D(pr)|pbpb
= — 2.
RD(pT) D(PT)|pp ( 5)

These fragmentation functions have been measured by ATLAS [53]. Figure 2.9 shows the D(pr) and D(z)
fragmentation functions as a function of pr and z, respectively, for Pb+Pb collisions of various centralities
and pp collisions. In terms of D(pr), it is observed for both Pb+Pb and pp collisions that the number of
charged particles inside a jet decreases as a function of the charged particle momentum. Similarly, D(z) also
shows that the number of charged particles inside a jet decrease as a function of the fraction of jet momentum
they contribute in the direction of the jet. In other words, there are more low momentum particles inside a
jet than there are high momentum particles.

To quantify the differences between the fragmentation functions in Pb+Pb and pp collisions, the Rp ;)
and Rp.) ratios are shown in Figure 2.10. This figure shows that the momentum carried by the particles
inside a jet gets redistributed when the jet traverses the QGP. There is an enhancement of particles at low z
and pr, a depletion at mid pr and z, and an enhancement at high z and py. The enhancement at low z
and pr and the depletion at mid pr and z can be interpreted as the medium causing the particles inside
the jet to fragment into more particles of lower momenta. Additionally, Pb+Pb collisions produce more jets
initiated by quarks than by gluons compared to pp collisions, and quark jets tend to lose less energy than
gluon jets, which explains the enhancement at high pr and z [54].

An additional fragmentation function can be defined that takes into account not only the particles within
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Figure 2.9: The D(pr) fragmentation function (top) as a function of charged particle momentum pr and the
D(z) fragmentation function (bottom) as a function of z. Distributions are shown for Pb+Pb collisions of
various centralities (left) and pp collisions (right). Figure taken from [53].

a jet but also the particles around it. The D(pr,r) fragmentation functions extends D(pr) from 1D to 2D
by considering the distribution of charged particles in an area 27rdr at distance r of the jet axis, as seen in

Figure 2.11. The D(pr,r) fragmentation function and its corresponding ratio Rp,,. ) of Pb+Pb to pp are

(2.6)

2.7)

where Njet is the number of jets, ne, is the number of charged particles, r is the distance of a charged particle
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to the jet axis, and pr is the transverse momentum of a charged particle.

The D(pr,r) fragmentation function and the corresponding Rp(p,. ) ratio are shown in Figure 2.12 [56].
The D(pr,r) fragmentation function shows that charged particles with higher momentum are contained
within a smaller radius, while charged particles with lower momentum are emitted at larger radii with respect
to the jet axis. Rp(p, ) shows that in Pb+Pb collisions there is a depletion of particles with pr > 4 GeV
and an enhancement of particles with lower momentum, with respect to pp collisions.

Overall, the fragmentation functions indicate that interactions with the medium cause jets to fragment
into particles of lower momenta that are emitted at larger angles. While most particles are contained within

a jet radius R = 0.4, the particles outside of the jet can account for the jet energy loss.
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Figure 2.11: Diagram of jet and particles at distance r from the jet axis. Figure taken from [55].

=
"-__‘ T T T T T T T T T T Q:'_ _\l\flvvl‘lwlwvvlv\lvllvlvfet‘lvll[lvlw_
> . 0-10% 126 < p* <158 GeV = ATLAS 126 < p¥' < 158 GeV
g 1w LY. % .. antick, R=0.4 Q [ Pb+Pb 5, =5.02 TeV, 0.49 nb” 0-10% -
O, .. * § . QC 4L pp (5=5.02TeV, 25 pb" anti-k, R=0.4
. 1 L & $§ O 7| 5] s " 1.0<p <16GeV o 16<p <25GeV |
" A 2 3 3 © S [+ 25<p <40GeV +40<p <63GeV
1 A s |+ 63<p. <10.0GeV a 10.0<p_ <25.1 GeV 1
£ 10 voa . ¥ § o 0 ° v251<p <63.1GeV T
Q - + i & r 7
_ PbPb +
10 2 M A A pp ¥ 2 5 .
A 1.0<p_<1.6GeV s D)
v S : 1.6<p1<2.5Gev | . s ® f ' i |
-3 o 25<p_<4.0GeV ‘
10 o o 40<pl <63 GeV E SR . h i
ATLAS 6.3<p <10.0GeV "; b . : .
—4 10.0 25.1 GeV L i
10 sy =5.02TeV 5 25.1251:63.1 GeV Y 4ii * * +
. | | ; T B B IR P IR BT R
0 0.2 0.4 0.6 0.8 0 01 02 03 04 05 06 07 08

r
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2.4 Dijet momentum balance

Dijets are pairs of jets created with the same momentum magnitude but in opposite directions. The dijet
momentum balance is defined as:
Pr2

Ty =—"= 2.8
! Pra ( )

where pr 1 and pr 2 are the transverse momenta of the two jets in the dijet, with pr 1 > pr 2. The jet with
the highest transverse momentum (pr1) is called the leading jet, while the second highest (pr2) is called the
subleading jet. Thus, 3 compares the momenta of the jets in a dijet. Large xj values correspond to more
balanced or symmetric dijets, whereas low xj values correspond to imbalanced or asymmetric dijets.

As was seen previously with the jet v,, the jet energy loss is dependent on the path length. Since each
of the jets in a dijet can traverse a different distance within the QGP, the dijet momentum balance is an
observable sensitive to the jet energy loss.

The absolutely normalized xj distribution in Pb+Pb collisions is defined as:

1 dNpair
<TAA>Nevt de

(2.9)
where Ney; is the total number of events, (Taa) is the mean nuclear thickness function, and Ny, is the

number of dijets. The analogous x; distribution in pp collisions with integrated luminosity Ly, is:

L deair
Lpp de

(2.10)

Figure 2.13 shows the absolutely normalized z; distributions in pp and Pb+Pb collisions of various
centralities [39]. For pp collisions, the zj distribution is peaked at xj ~ 1, which means the dijets are
balanced in momentum when produced in vacuum. However, for Pb+Pb collisions, the dijet yields are
suppressed for higher x; values (z; > 0.5) and enhanced at lower xj values (zy < 0.5), compared to pp
collisions. Furthermore, these differences between Pb+Pb and pp collisions are dependent on centrality, with
the differences being larger for more central collisions. The xj distributions in Pb+PDb collisions show that
dijets are modified in the presence of a QGP, with balanced dijets being suppressed and imbalanced dijets

being enhanced.
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Figure 2.13: Absolutely normalized x; distributions in pp and Pb+Pb collisions of various centralities. Figure
taken from [39].

2.5 Jet radius dependent measurements

It has been observed that jets have a modified fragmentation and are quenched in the presence of a QGP
compared to vacuum; the QGP causes jets to widen and lose energy. In this context, measurements in which
jets are reconstructed with various radius parameters are sensitive to the jet energy loss and distribution.
Measurements of the suppression of jets of different radii are of great interest to understand where the lost
energy is with respect to the jet axis, how the energy is distributed among the jet particles, and to measure
the possible response of the QGP to the presence of the jet [57, 58].

A few measurements have looked at the jet radius dependence of jet quenching. ATLAS measured the
central to peripheral ratio of jet yields Rcp at low momentum (pr < 100 GeV) for jet radii R = 0.2, 0.3,
0.4, and 0.5 [59]. Figure 2.14 shows the double ratio of Rcp for jet radius R with respect to R = 0.2 as a
function of jet transverse momentum in 0-10% central Pb+Pb collisions. A decrease in jet quenching (an
increased jet yield) with increasing jet radius was observed, with a moderate dependence on the jet radius.

In contrast, recent measurements from ALICE [61] in a similar momentum region suggest that jet
quenching increases for larger radii jets at fixed pr. Figure 2.15 shows the double ratio of Rya for R = 0.4
and 0.6 jets with respect to R = 0.2 as a function of charged particle transverse momentum in 0-10% central
Pb+Pb collisions. No significant jet radius dependence was observed for R = 0.4 jets, while a decrease in the
Raa was observed for R = 0.6 jets, both with respect to R = 0.2 jets.

At higher momentum (pr > 400 GeV in central Pb+Pb collisions), CMS measured the Raa for jet radii
R =10.3,04, 0.6, 0.8, and 1.0 [62]. Figure 2.16 shows the double ratio of Raa for jet radius R with respect
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Figure 2.14: Double ratio of Rcp for jet radius R with respect to R = 0.2 as a function of jet transverse
momentum in 0-10% central Pb+Pb collisions at /5 = 5.02 TeV. Figure taken from [60].

to R = 0.2 as a function of jet radius in Pb+Pb collisions of various centralities. In this case no significant
dependence of the jet Raa on the jet radius was observed.

With respect to these previous measurements, the results in this thesis represent an advancement in the
understanding of the jet radius dependence of jet quenching due to the improved precision and broad jet

transverse momentum range. The results are described in detail in Section 4.4.
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Chapter 3

The LHC and ATLAS

3.1 The Large Hadron Collider at CERN

The Large Hadron Collider (LHC) is a circular particle accelerator built by the European Organization for
Nuclear Research (CERN) [63-65] that collides particle beams. The LHC has a circumference of ~27 km
and is buried between 50 and 175 m under France and Switzerland. The LHC is the largest accelerator in
the CERN accelerator complex, as seen in Figure 3.1. Various particle experiments make use of the CERN
accelerator complex, with ATLAS being one of the main detectors at the LHC.

The LHC ring has two vacuum beam pipes, each corresponding to one of the particle beams that travel

in opposite directions. The LHC is made up of segments alternating these components:

e Radio frequency (RF) cavities: Used to accelerate the beams. There are 16 RF cavities, 8 for each
beam direction. Each RF cavity provides the beam with a voltage of 2 MV (an accelerating field of

5 MV/m) at a frequency of 400 MHz. The cavities are kept at a temperature of 4.5 K.

e Dipole magnets: Used to bend the beams. There are 1232 dipole magnets along the LHC ring,
providing a magnetic field of up to 7.7 T. These magnets are cooled at a temperature of 1.9 K using

liquid Helium.

e Quadrupole magnets: Used to focus the beams. There are 392 quadrupole magnets along the LHC

ring.
e Injection and extraction systems: Used to deliver the beams from the pre-accelerators.

The LHC can collide a variety of beams, such as protons, called pp collisions, or lead, which are called
Pb+Pb collisions [67, 68]. The proton beams are delivered in bunches with a peak luminosity of 103 ¢m=2s71
particles that collide every 25 ns with a center of mass energy /s of up to 14 TeV. The lead beams are
delivered in bunches with a peak luminosity of 1027 em~2s~! particles that collide every 75 or 100 ns with a

per-nucleon-pair center of mass energy ,/s. of up to 5.5 TeV. Each collision is called an event.
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Figure 3.1: Schematic view of the CERN accelerator complex. Figure taken from [66].

3.2 The ATLAS detector at the LHC

ATLAS is one of the main experiments at the LHC [67]. The ATLAS detector consists of several layers of
subdetectors made of different technologies. The subdetectors are arranged in an overall cylindrical geometry
around the beam line, with a 27 azimuthal coverage. The central part of the detector is called the barrel
(concentric with the beam line) while the two ends of the detector are called the end caps (perpendicular to

the beam line). Figure 3.2 shows a diagram of the ATLAS detector [69].

3.2.1 Coordinate system

The ATLAS coordinate system is centered at the point where the beams collide. The z axis corresponds to

the beam line, the y axis points towards earth’s surface, and = points towards the center of the LHC ring.
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Figure 3.2: Schematic view of the ATLAS detector. Figure taken from [69].

Spherical coordinates (r, ¢, 6) are defined in this coordinate system. The pseudo-rapidity is defined in terms

of the polar angle 6 as n = —In(tan(f/2)) and is used due to Lorentz invariant properties. The angular

distance between two objects i and j is calculated as: AR;; = /(n; — 1;)% + (65 — ¢5)2.
The measured energy F and momentum p are projected to the transverse x — y plane and are referred to
as transverse energy and transverse momentum, often denoted as Ep and pr, respectively. The rapidity is
E+p.

defined as y = % ln(ﬂ) in terms of the energy F and momentum p, along the beam line.

3.2.2 Inner detector and superconducting solenoid

The inner detector (ID) [70-72] is used to accurately measure the position of charged particles coming from
the collisions, called tracks. The ID consists of three detectors: the pixel detector, the Semi-Conductor
Tracker (SCT), and the Transition Radiation Tracker (TRT). They are made of a semiconductor or gaseous
material that the incoming charged particles ionize as they go through it. The material is kept at a high
voltage so that the ionization is collected to form a signal. The ID covers a pseudorapidity region of |n| < 2.5
and is surrounded by a superconducting solenoid that provides a 2 T magnetic field used to bend the particles.

Figure 3.3 shows an schematic view of the ID.
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Figure 3.3: Schematic view of the Inner Detector. Figure taken from [73].

Pixel detector Consists of a barrel made of four layers of silicon pixel sensors, two end caps made of
three disks of silicon pixel sensors, and an insertable B layer (IBL) [74, 75]. The pixel sensors have a size
of 50 x 400 um? in R — ¢ x z. The IBL is made of carbon fiber staves containing pixels with a size of
50 pm x 50 pm. The pixels provide an intrinsic accuracy of 10 um in R — ¢ and 115 pm in z in the barrel,
and 10 um in R — ¢ and 115 gm in R in the end caps. There are over 92 million pixels/readout channels in

total, covering an approximate area of 1.9 m? around the collision point. The pixel detector provides four

measurements per track.

Semi Conductor Tracker Consists of layers of silicon strips with a small angle of 40 mrad, both for the
barrel and end caps. In the barrel, the strips have a pitch of 80 um, with two 6 ¢m long rectangular sensors
that are daisy-chained, parallel to the beam line. In the end caps, the radial strips have a mean pitch of
80 pm, with trapezoidal sensors. The SCT provides an intrinsic accuracy of 17 um in R — ¢ and 580 pum in
z in the barrel, and 17 pm in R — ¢ and 580 wm in R in the disks. There are approximately 60 m? of silicon

distributed in the full SCT, with about 6 million readout channels. The SCT provides eight measurements

per track.
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Transition Radiation Tracker Consists of gaseous straw tubes of 4 mm in diameter with a gold plated
tungsten wire at the center. In the barrel, the straws are 144 c¢m long and parallel to the beam line. In the
end cap, the straws are 37 ¢m long, arranged radially in wheels. The TRT provides an intrinsic accuracy of

130 wm. There are approximately 350 thousand readout channels in the 12 m? volume of the TRT.

3.2.3 Calorimeter system

Used to measure the energy of particles coming from the collisions within a pseudorapidity of |n| < 4.9 [76].
The system consists mainly of hadronic, electromagnetic, and forward calorimeters. The calorimeters are
made from an “active” material that the incoming particles ionize, creating a signal, and a dense “absorber”
material in which the particles lose most of their energy but no signal is created. Figure 3.4 shows an

schematic view of the calorimeter system.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel
LAr forward (FCal)

Figure 3.4: Schematic view of the calorimeter system. Figure taken from [77].

Electromagnetic calorimeter Used to measure the energy of electrons, positron, and photons [78].
Consists of alternating layers of liquid argon (LAr) as the active material and dense metals (lead, tungsten,
and copper) as the absorber material. The barrel is located at |n| < 1.5 while the end caps are at

14 < || <3.2.
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Hadronic calorimeter Used to measure the energy of hadrons [79]. The barrel of the hadronic calorimeter
consists of alternating layers of scintillating tiles as the active material and steel as the absorber material.
The scintillators produce photons when particles travel through them and excite its molecules. This light is
collected to form a signal. There are approximately 420 thousand scintillating tiles/readout channels. The
barrel is within |n| < 1.7. On the other hand, the end caps of the hadronic calorimeter consist of alternating
layers of liquid argon as the active material and copper as the absorber material. The hadronic end caps are

at 1.5 < |n| < 3.2.

Forward calorimeter The forward calorimeter (FCal) consists of alternating layers of liquid argon as the

active material, and copper and tunsgsten as the absorber materials. The FCal is located at 3.2 < |n| < 4.9.

Minimum-bias detector Used to detect when a collision occurs. Consists of scintillators that detect
charged particles over a region of 2.1 < |n| < 3.9. It uses two hodoscopes of 12 counters located at z = +3.6 m

along the beam line, from the center of the ATLAS detector.

Zero degree calorimeter Used to measure neutrons that do not interact during the collisions. Consists of
alternating layers of quartz rods and tungsten plates. The zero degree calorimeters are located at z = £140 m

along the beam line, from the center of the ATLAS detector. They cover the region |n| > 8.3.

3.2.4 Muon spectrometer and toroid magnet

The muon spectrometer is used to measure the energy and position of muons [80, 81]. It consists of muon
chambers of various types and toroid magnets, covering 7| < 2.7 [82].

Muon tracks are measured by a combination of chambers: Monitored Drift Tubes (MDT), Resistive
Plate Chambers (RPC), Thin Gap Chambers (TGC), small Thin Gap Chambers (sTGC), and micromegas
detectors (MM) [83]. There are three cylindrical layers of chambers in the barrel region around the beam line,
and three planar layers of chambers in the end caps. The MDTs are aluminum tubes 3 ¢m in diameter, with
a wire at the center, filled with a gas mixture. The RPCs consist of two plastic electrode plates separated by
2 mm, filled with a gas mixture. The TGCs are multi-wire proportional chambers (a grid of wires sandwiched
between two electrode plates filled with gas) with a gas gap of 2.8 mm and a wire pitch of 1.8 mm, filled
with a gas mixture. The sTGCs are multi-wire proportional chambers with a gas gap of 1.4 mm and a wire
pitch of 1.8 mm, filled with a gas mixture. The MMs are a metal mesh sandwiched between two planar
electrodes separated by a few mm. All the chambers are kept at a high voltage to collect the charges ionized

by the passage of the muons through the chambers.
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The magnets produce a field integral between 1.5 and 7.5 Tm, depending on the n range. In |n| < 1.4, a
large barrel toroid provides the magnetic field. In 1.6 < |n| < 2.7, two smaller end cap magnets provide the
magnetic field. In the 1.4 < |n| < 1.6 transition region, the magnetic field is provided by both the barrel and

end cap magnets.

3.2.5 Trigger system

The trigger system has two levels [84], level 1 (L1) and the high level trigger (HLT). The L1 trigger is
implemented in the electronics and looks for physics objects (jets, electrons, photons, etc) at a basic hardware
level. The HLT is implemented in the software [85] and looks for physics objects with algorithms. The
L1 trigger reduces the event rate from 40 MHz bunch crossings to 100 kHz in pp collisions and to 75 kHz
in Pb+Pb collisions. Then, the HLT further reduces the rate to approximately 1.2 kHz events, which are
recorded.

The L1 trigger applies a sliding window algorithm to look for jet candidates with a total energy above
30 GeV. These jet candidates then go to the HLT where jets are fully reconstructed and the background is
subtracted.

Various jet triggers are used. The jet triggers require the leading R = 0.4 in the event to have a pt above
some threshold. Each jet trigger is used in the pr range in which it is fully efficient. The highest pr jet
trigger samples the full luminosity, while the other jet triggers sample a preset fraction of the total events.

In addition to the jet triggers, three minimum-bias triggers are used, each one corresponding to one of the
following conditions: total Et in the calorimeter less than 50 GeV at L1 and at least one track reconstructed
at HLT; total Er in the calorimeter between 50 and 600 GeV at L1; total Er greater than 600 GeV at L1.

More details about the triggering used in ATLAS heavy-ion collisions can be found in Reference [86].

3.3 ATLAS heavy ion jet reconstruction

3.3.1 Jet reconstruction and background subtraction

A dedicated procedure is used in ATLAS to subtract the background and reconstruct and calibrate jets [36, 42].
The anti-k; algorithm [22], implemented in the FastJet software package [87], is used to reconstruct jets with
radius R. Calorimeter towers are used as input for the anti-k; algorithm for both pp and Pb+Pb collisions.
Towers are defined by collecting calorimeter signals corresponding to solid angles of A¢ x Anp = 0.1 x 0.1.
Background present in particle collisions is called the underlying event (UE) and corresponds to detector

measurements that do not come from hard scatterings of partons. In heavy ion collisions, the UE consists
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of the decay products of the QGP, and can contribute considerably to jet energy measurements, as seen in

Figure 3.5, which shows the average transverse energy subtracted from R = 0.4 jets in Pb+Pb collisions.
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Figure 3.5: Average transverse energy Er subtracted from R = 0.4 jets in Pb+Pb collisions at /s, = 5.02
TeV, for |n| < 1.0 (left) and 1.0 < |n| < 2.8 (right) and various collision centralities [88].

In Pb+Pb collisions, an iterative procedure is used to subtract the UE in an event-by-event manner [89].
The procedure is shown schematically in Figure 3.6. In the first iteration, the average transverse energy
density (ZETT is estimated in slices of A = 0.1 from the calorimeter tower energies. “Seeds” corresponding to
real jets are excluded from the background estimation, as well as regions that are within AR < 0.4 of a seed.
Two kinds of seeds are considered, R = 0.2 jets and R = 0.4 trackjets. Trackjets are jets clustered from tracks
(instead of calorimeter towers) with pfak > 4 GeV, and are required to have pffachet > 7 GeV. Each R =0.2
jet seed must have at least one tower with energy EW®" > 3 GeV, and a ratio of the maximum tower energy
to the mean tower energy FLoWer /(Ftower) > 4. The average UE transverse energy density is estimated as
p(n, @) x dd%(l + 2v,, cos(ngy,)), where the v, terms correct for hydrodynamic flow [90] up to the fourth
order modulation. This average background is then subtracted from the towers and the jet kinematics are
recalculated. In the second iteration, there are additional requirements of p’{ft > 25 GeV for the R = 0.2 jet

trackjet

seeds and pr, > 7 GeV for the trackjets. In pp collisions, the same background subtraction procedure is

used but without the flow modulation.

3.3.2 Jet calibration

The jet calibration has various contributions. First, Monte Carlo (MC) simulations are used to obtain
correction factors dependent on R, 1, and pr. These factors are applied to the measured jet energy to
correct for the detector response [91, 92]. Then, in situ studies of jets opposing photons or jets [93] are used

to obtain another correction, which is applied to account for differences between data and MC. Finally, a
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Figure 3.6: Schematic diagram of the UE subtraction and jet reconstruction.

“cross-calibration” is applied, which calibrates the heavy ion jets with respect to the jets in pp collisions at a

center of mass energy of 13 TeV. This allows for the use of uncertainties obtained for the latter jets [92].

3.3.3 Fake jets

The UE subtraction removes an average background level but it does not remove the fluctuations around
that level. Some of the remaining UE fluctuations can sometimes pass the criteria of the anti-k; algorithm
and be tagged as jets. These are called fake jets and they are UE fluctuations that are reconstructed as jets.

The UE fluctuations were studied to develop a criteria for fake jet rejection in Pb+Pb collisions at a
per-nucleon-pair center of mass energy of /s = 5.02 TeV. These studies focused on obtaining the mean
(Er) and standard deviation o(Er) of the transverse energy E of the fluctuations as a function of centrality
and jet size. (F7) and o(ET) were obtained for windows of n X n towers defined by a grid in the 1 — ¢ space.
The mean of the fluctuations was defined as (Et) = + ZlN:O EL, where ElL is the transverse energy of the
it" window and N is the total number of windows. Similarly, the standard deviation of the fluctuations was
defined as o(Er) = \/(E3) — (E1)2.

Figure 3.7 shows an example grid where each square represents a window of 7 x 7 towers, an area equivalent
to the size of an R = 0.4 jet. This figure also shows the standard deviation and mean of the transverse energy
E+r of the UE fluctuations, as a function of the total energy in the forward calorimeters, which correlates
with centrality. The mean (Er) of the fluctuations is close to zero due to the UE subtraction removing the
average UE. The standard deviation o(ET) of the fluctuations increases with centrality due the UE being
larger for collisions in which more QGP is created.

Figure 3.8 shows the average o(ET) of the UE fluctuations as a function of jet area in units of towers, for
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Figure 3.7: (left) Transverse energy Er of groups of 7 X 7 towers (equivalent to the area of an R = 0.4 jet) as
a function of i and ¢, for one event in 0-10% central Pb+Pb collisions. Standard deviation o(Er) (middle)
and mean (Et) (right) of the transverse energy of UE fluctuations as a function of the total energy in the
forward calorimeters, for groups of 7 x 7 towers.

various Pb+PDb collision centralities. It is observed that the UE fluctuations increase with the jet area. The
relationship between the fluctuations and the jet area was characterized by a fit o = o151 A*, where o is the
average standard deviation of Er, A is the jet area, o141 is a reference (o for an area of 1 x 1 towers), and k
is a constant that depends on the centrality.

The studies on fake jet rejection focused on tagging R = 0.4 jets as “real” or “fake” based on their
matching to tracks or smaller R = 0.2 jets. These criteria for fake jet rejection are based on the fact that
real jets are expected to have associated tracks that pass some minimum energy cuts, and have a hard core
that is represented by a smaller jet. Figure 3.9 shows the fake jet rate for R = 0.4 jets as a function of
jet transverse momentum for Pb+Pb collisions of various centralities. The fake jet rate is lower for more
peripheral collisions because the fluctuations are smaller.

The area scaling in Figure 3.8 along with the fake jet rate of R = 0.4 jets in Figure 3.9 can be used
to obtain the fake jet rates for other jet radii. For R = 0.4 jets, the fake jet rate drops below 5% for
pr > 100 GeV in central collisions. From the area scaling, this fake jet rate drop occurs approximately at

130 GeV for R = 0.5 jets and at 160 GeV for R = 0.6 jets.
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3.3.4 Jet performance

To evaluate the performance of the jet reconstruction, MC simulations of jets are compared to the reconstructed
jets that would be experimentally measured. The MC simulations consist of simulated dijets from pp collisions
obtained from the event generator PYTHIA 8 [94] along with the simulated detector response obtained from
GEANT4 [95, 96]. The pp dijets are embedded in UE data from Pb+Pb collisions by adding the simulated and
real signals at the detector level and digitizing them. These overlaid events are then reconstructed following
the same procedure as in data.

In the MC simulations, “true” jets are clustered from stable particles with a proper lifetime of 30 ps
or greater, but excluding neutrinos and muons, which are not measured in the calorimeter. True jets are
matched within 0.75R to the nearest “reconstructed” jet. Reconstructed jets are defined at the detector level
and include effects from the detector response.

The jet performance is characterized by the jet reconstruction efficiency, the jet energy scale (JES), and
jet energy resolution (JER). The jet reconstruction efficiency is defined as the ratio of the number of true
jets that match a reconstructed jet to the total number of true jets. The JES and JER are defined as the

mean and standard deviation of the piec®/piuth distribution, respectively, where pi¢° is the reconstructed jet

transverse momentum and p{**® is the true jet transverse momentum.

The jet reconstruction efficiency can be seen as a function of pi""! in Figure 3.10 for various jet radii.
The jet reconstruction efficiency drops at low momentum because low momentum measurements cannot be
distinguished from background measurements, causing some jets to not to be reconstructed.

The JES and JER can be seen as a function of pf**® in Figure 3.10 for various jet radii. The deviation of
the JES from unity for high-pr R = 0.2 and R = 0.3 jets is due to the different cuts used in the determination
of the jet calibration compared to this analysis. The broadening of the JER with centrality is due to the UE
fluctuations, which are larger in more central collisions and cause the jet pr to smear. Additionally, a larger

jet radius allows for a larger contribution of the UE fluctuations, causing the larger R jets to have a larger

JER.
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Figure 3.10: The JES (left), JER (middle), and jet reconstruction efficiency as a function of p{uth, for
R =0.2,0.3,0.4,0.5 and 0.6 (top to bottom) in pp and Pb+PDb collisions of various centralities.
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Chapter 4

Jet radius dependence of dijet
momentum balance

4.1 Data and Monte Carlo selections

This analysis used pp and Pb+Pb data collected by the ATLAS detector at a per-nucleon-pair center of
mass energy of /sy = 5.02 TeV. The pp data was collected in 2017 with a total integrated luminosity of

255 pb~!. The Pb+Pb data was collected in 2018 with a total integrated luminosity of 1.72 nb~1.

4.1.1 Collision centrality

The overlap area of the two colliding nuclei in Pb+Pb collisions is characterized by the collision centrality. In
ATLAS, the collision centrality is defined in percentiles of the total energy in the forward calorimeters, denoted
as LEEC [97], in minimum-bias collisions. Five centrality intervals are considered: 0-10% (largest S ELRC2
most central collisions), 10-20%, 20-40%, 40-60%, and 60-80% (smallest X EXC2! peripheral collisions). The
procedure uses the TGLAUBERMC v3.2 package [98], as described in Section 1.2.1, to obtain the mean
nuclear thickness function (Tas) [35] and its uncertainty [99] for each centrality interval. The (Taa) values

and their uncertainties are listed in Table 4.1 for each centrality interval.

Centrality selection | (Taa) &= 5(Tan) [mb~1]
0-10% 23.35 £ 0.20
10-20% 14.33 £ 0.17
20-40% 6.79 + 0.16
40-60% 1.96 + 0.09
60-80% 0.39 £ 0.03

Table 4.1: The (Taa) values and its uncertainties for the centrality intervals used in this analysis.

4.1.2 Data selection

Events with multiple collisions, called pileup, were suppressed by using the anti-correlation, expected from

the nuclear geometry, between ZEqF«Cal and the energy in both ZDCs, which is proportional to the number
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of observed spectator neutrons. Pileup constitutes a small fraction, less than 0.5%, of the Pb+Pb events.
Pileup was not rejected in pp collisions.

Various minimum-bias and jet triggers [84, 100] were used to select events. The triggers considered in
this analysis for the Pb+Pb collisions are listed in Table 4.2 along with the leading jet pr ranges, luminosity

sampled by the trigger, and average prescale that were used. Similarly, the triggers used in pp collisions are

listed in Table 4.3.

P range P range
Trigger [GeV ] [GeV ] Luminosity | Average
R=02,03,04 | R=0.50.6 prescale
HLT -noalg_pc_L1TE50_VTEG600.0ETA49 79 - 121 1.72 nb~ ! 32.75
HLT _noalg_cc_L1TE600.0ETA49 79 - 121 1.72 nb~! 78.62
HLT_mb_sptrk_L1ZDC_A_C_VTES50 79 - 121 1.72 nb~! 33.23
HLT_j50ion_L1J12 79 - 84 121 - 141 98.6 mb~1 17.42
HLT_j60_ion_L1J15 84 - 112 141 - 165 274.6 mb~1 6.26
HLT_j85_ion_1.1J30 112 - 124 165 - + 1.72 nb~! 1.00
HLT_j100-ion_-L.1J30 124+ 1.72 nb! 1.00

Table 4.2: List of triggers, leading jet pr ranges, luminosity sampled by the trigger, and average prescale,
used for the Pb+Pb data.

Trigger Pt range [GeV | | p't* range [GeV ] | Luminosity | Average prescale
R=0203,04| R=05 06
HLT_j50_L1J15 79 - 84 77 -92 282 nb~! 71.84
HLT_j60_L.1J20 84 - 112 92 - 130 9 pb! 28.53
HLT_j85_L1J20 112 - 124 130 - 137 132.2 pb~! 1.94
HLT_j100_L1J20 124+ 137+ 257 pb~! 1.00

Table 4.3: List of triggers, leading jet pr ranges, luminosity sampled by the trigger, and average prescale,
used for the pp data.

The minimum-bias triggers correspond to one of the following conditions: total Et in the calorimeter less
than 50 GeV at L1 with at least one track reconstructed at HLT; total Er in the calorimeter between 50 and
600 GeV at L1; total Er in the calorimeter greater than 600 GeV at L1. More details about the triggering
used in ATLAS heavy-ion collisions can be found in Reference [86].

The jet triggers require the leading R = 0.4 in the event to have a pp above some threshold. Each jet
trigger is used in the pr range in which it is fully efficient. The highest pr jet trigger samples the full
luminosity, while the other jet triggers sample a preset fraction of the total events, called the prescale.

The efficiency of the jet triggers was obtained for the R = 0.6 jets to ensure that the triggers were used in
the pr range in which they are fully efficient. The trigger efficiencies for R = 0.6 jets in Pb+Pb collisions of
various centralities are shown in Figure 4.1. Similarly, the trigger efficiencies for R = 0.6 jets in pp collisions

are shown in Figure 4.2.
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Figure 4.1: Trigger efficiencies for R = 0.6 jets in Pb+Pb collisions of various centralities.

4.1.3 Monte Carlo samples

Three Monte Carlo (MC) samples were used to assess the detector performance, to correct for detector effects,
and for uncertainty studies.

The first is a pp MC sample. This sample simulated the ATLAS detector conditions in 2017 and contained
3.2 x 107 PYTHIA 8 [94] pp jet events generated at a center of mass energy /s = 5.02 TeV. For PYTHIA 8, the
A14 tune [101] and the NNPDF23L0 parton distribution functions (PDFs) [102] were used. The detector
conditions were simulated using GEANT4 [95, 96].

The second is a Pb-+Pb MC sample referred to as the “overlay”. This sample simulated the ATLAS

detector conditions in 2018, contained 3.2 x 107 pp PYTHIA 8 jet events, and was overlaid with minimum-bias
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Pb+Pb data to include the UE. It used the same PYTHIA 8 tune and PDFs as the pp MC sample, and the
detector conditions were also simulated with GEANT4. The minimum-bias Pb+Pb data and the PYTHIA 8
jet simulations were combined by adding the signals at the detector level and digitizing them. These overlaid

events were then reconstructed following the same procedure as in data. This Pb+Pb MC sample was
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Figure 4.2: Trigger efficiencies for R = 0.6 jets in pp collisions.

reweighted to have the same centrality distribution as measured in data.

The pp and Pb+Pb MC samples were used for the jet performance described in Section 3.3.4 and the

unfolding described in Section 4.2.3.

The third is a pp HERWIGT [103, 104] sample using the UEEE5 tune [105] and the CTEQ6L1 PDF's [106].

This sample was used for flavor uncertainty studies as well as comparisons with pp data. The detector

response in this sample was simulated using GEANT4 [95, 96].
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4.2 Analysis

reco reco

4.2.1 Jet selection and measured (p¥?, pf%) distributions

reco

In each event, the highest-pit°® jet were reconstructed as the leading jet and the second highest as the
subleading jet. Both jets were required to have |y| < 2.1 and to be back-to-back with |¢p1 — ¢a| > 77/8.
Reconstructed leading jets were required to have pire® > 79 GeV, based on the minimum pr for which the
triggers are fully efficient for the various jet radii. Reconstructed subleading jets were required to have
Py > 32 GeV for R =0.2,0.3 and 0.4 jets, pT5 > 41 GeV for R = 0.5 jets, and p'y > 51 GeV for R = 0.6

jets. The minimum pry

was based on 0.32 of the minimum py for which the rate of jets created by UE
fluctuations becomes negligible, based on the studies described in Section 3.3.3. Dijets meeting these criteria
represent approximately 62% of inclusive R = 0.2 jets with 100 < pr < 562 GeV, and approximately 72%
of inclusive R = 0.6 jets with 158 < pp < 562 GeV. Events in which the leading dijets do not meet these
criteria were discarded.

The two-dimensional (prTeclo, pff’%o) distributions were measured with dijets that pass these criteria. The

(prTeCf’, prj‘fczo) distributions were constructed symmetrically across pr9’ = p'%y’ to account for the possibility of
swapping the leading and subleading jets due to the JER. The measured (pfl?clo, pffe°2°) distributions for the

various jet radii are shown in Figures 4.3-4.7 for Pb+Pb collisions of various centralities and pp collisions.
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Figure 4.3: Measured (pﬁ?"lo, pffecz‘)) distributions for R = 0.2 jets in Pb+PDb collisions of various centralities
and pp collisions.
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and pp collisions.
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Figure 4.5: Measured (pT9, pr%’) distributions for R = 0.4 jets in Pb+Pb collisions of various centralities
and pp collisions.

o1



1000

=
o
=]

= g = 2 = 2
) s 8 10-20% 0% 8 20-40% 0%
& T 5 g 5
o 108 oy 10°g o 10°g
E E g
167 2 102
102 10?
10 10
| 1 1 1 1 1 1 1 1 1 1 1 1 E 1 I 1 1 1 1 1 1
100 200 300 400 500 600 700800 9001000 100 200 300 400 500 600 700800 9001000 100 200 300400 500 600 700 800 9001000
pre [Gev] pr° [Gev] pry° [Gev]
1000rrrrrerrrrrrerrrreprerreprrerprrer e 10°% 1000 prrrrrrrrrerr e 1000
z 1% R i s 3 2
5} 40-60% 5 & 900F  60-80% m 1045 15} 105
8n 10% 8~ BOOF 5 8a 5
= R & & 10%
3§ 600 I - 1o g 4§
102 32 102
10? 10°
10?
10?
10 10
10
TR TR T, 1 FRNTR T A AT 1 s ree AT 1
100 200 300 400 500 600 700800 9001000 100 200 300 400 500 600 700800 9001000 100 200 300400 500 600 700 800 9001000
peee [GeV] pee [GeV] P [GeV]

Figure 4.6: Measured (prTeflO, pflf’g’) distributions for R = 0.5 jets in Pb+PDb collisions of various centralities

and pp collisions.

-
o
(=}
S

=
S)
=
o
s}
=}
=
o
s}

s I 5 3 :
o 5 © 900F  10-20% 10%5 o 20-40% 10%
8. 10%5 g . 800F s g S
o [} e 10A$ 2 1040
z Z Z
10° 10
10° 102
10 10
rrverrrery AR TR TV RO 1 rrrTFvrerr N RO TR TV A Treve T IR TR AV TR TR TN 1
100 200 300 400 500 600 700 800 9001000 100 200 300 400500 600 700800 9001000 100 200 300400 500 600 700 800 9001000
prr° [Gev] prr° [Gev] P [Gev]
< 1000, 5 1000 1000y
% T T T T T T T T T 10 'q'e) %‘ T T T T T T T T T % %‘ %
o 40-60% 5 o 900F  60-80% B 10%5 O, 900 10%
§o 10% § v 800F s § « 800 B
o 9] o 1] o 10°g
700)
SE | [ | 103§ E
102 E 600 102
500)
2 3
102 10 400 10
300F 10°
10 10 E
2005 10
100F- —
I 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 E I 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 9001000 100 200 300 400500 600 700800 9001000 100 200 300400 500 600 700 800 9001000
pre[GeV] e [GeV] e [GeV]

Figure 4.7: Measured (pfl?ﬁo, pfl?fzo) distributions for R = 0.6 jets in Pb+PDb collisions of various centralities
and pp collisions.
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4.2.2 Combinatoric dijet subtraction and efficiency correction

The measured (pffeflo, prq?fzo) distributions have a contribution from both the real dijets and a background of

pairs of uncorrelated jets, called combinatoric dijets, that arise from UE fluctuations. To correct for the
effects of the combinatoric dijets, a subtraction and an efficiency correction were applied.

In order to remove the combinatoric dijets, a |1 — ¢ sideband method was used. The contribution from
combinatoric dijets is largely independent of |¢; — ¢2| because the UE subtraction accounts for the azimuthal
anisotropy due to hydrodynamic flow up to the fourth order modulation. The combinatoric dijet yield was
obtained for each (pie’, %) bin for dijets with 1 < |¢1 — ¢2 < 1.4. This 1 < [¢1 — ¢2| < 1.4 region was
chosen because it is away from the |¢; — ¢2| > 77/8 signal band dominated by real dijets, and because it is
away from the |¢1 — ¢2| < 0.5 region where jet splittings occur. This can be seen in Figures 4.8-4.12; which
show the |¢1 — @2 distributions for the various jet radii. The combinatoric dijet yield was then scaled to
the size of the signal band, with a factor of (7/8)/0.4, and it was subtracted from the measured (pFY, prs’)

distribution bin-by-bin.
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Figure 4.8: |¢1 — ¢ distribution for R = 0.2 jets with pr; > 100 GeV, in Pb+Pb collisions of various
centralities (left) and pp collisions (right).

The effect of combinatoric dijets is the strongest in the 0-10% central Pb+Pb data at low pra - In the
most central collisions, before the subtraction, combinatoric dijets constitute 2% of the R = 0.2 dijets with
pry > 100 GeV and pry > 32 GeV, and 1% of the R = 0.6 dijets with pe® > 158 GeV and pry > 51 GeV.

The combinatoric dijet rate decreases with increasing pf?9° and towards more peripheral events.
.
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Figure 4.9: |¢1 — ¢2| distribution for R = 0.3 jets with pr; > 100 GeV, in Pb+Pb collisions of various
centralities (left) and pp collisions (right).
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Figure 4.10: |¢1 — ¢2| distribution for R = 0.4 jets with pr; > 100 GeV, in Pb+Pb collisions of various
centralities (left) and pp collisions (right).
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centralities (left) and pp collisions (right).
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Figure 4.12: |¢1 — ¢2| distribution for R = 0.6 jets with pr; > 100 GeV, in Pb+Pb collisions of various
centralities (left) and pp collisions (right).

95



In order to verify the combinatoric dijet subtraction, a cross check was done using the overlay sample.
The check was to look at reconstructed combinatoric dijets for R = 0.6 jets, where the leading jet is matched
to a true jet with truth pr; > 79 GeV and reconstructed pr; > 158 GeV, and the subleading jet is a
reconstructed jet with pp o > 51 GeV which does not match a true jet. This allowed for the creation of a
sample of the dominant contribution to the combinatoric jets that is subtracted in data, without any true
dijets being included. As shown in Figure 4.13 for the two most central Pb+Pb collisions, a flat |¢1 — ¢s|
distribution is observed between 1.0 and 7 for combinatoric jets, with only minor modulation observed in the

most central collisions.
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Figure 4.13: |91 — ¢2]| distributions for R = 0.6 combinatoric dijets in the overlay for the two most central
Pb+Pb collisions.

Another check was to apply the combinatoric subtraction in the overlay following the same procedure as
in data. This study focused on R = 0.6 dijets in 0-10% central Pb+Pb collisions, with 158 < pr; < 178 GeV
where the combinatoric contribution is largest. The leading jet is a truth matched jet with truth pr; > 70 GeV
and reconstructed pr; > 79 GeV, and the subleading jet is a reconstructed jet with pp o > 51 GeV for which
no matching to truth is required. The result of this study is seen in Figure 4.14 where the z; distributions
are shown. In this figure, the “measured” sample corresponds to the two most energetic reconstructed jets in
the event with |¢p1 — ¢2| > 77/8 and || < 2.1, the “Subtracted” sample is the measured distribution with
the combinatoric subtraction applied, and the “real” are the truth matched dijets. Closure is observed within
the statistical uncertainties, with the subtracted z; distribution matching the real zj distribution.

When an uncorrelated third jet replaces a jet in a real dijet, the real dijet is lost and a combinatoric dijet
is gained. Thus, in addition to the combinatoric background subtraction, an efficiency correction was applied

to bring back the real dijet that was replaced by a combinatoric dijet.
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Figure 4.14: z; distributions (left) for back-to-back R = 0.6 dijets in the 0-10% Pb+Pb overlay before and
after applying the combinatoric subtraction, compared to the real distribution. The ratio (right) of the
combinatoric subtracted x; distribution to the real x; distribution is also shown.

The yield d%; of reconstructed inclusive jets was measured in minimum-bias data, with the events being
reweighted to match the FCal distribution of the triggered data used in the dijet measurement. The efficiency
correction € was derived from the jet yield using Poisson probabilities as:

_ oo (n/8) dn
J S in dpy (4.1)

€E—=e€

Figures 4.15-4.18 show the minimum-bias jet pr distribution and the corresponding efficiency obtained
from Equation 4.1 as a functions of jet pr, for the various jet radii and Pb+Pb centrality selections. The
effect is most significant in the most central events and decreases rapidly with centrality. The inefficiency is
larger for larger jet radius. The inverse of the shown efficiency was applied as an efficiency correction to the

measured subleading jet distribution before unfolding.
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Figure 4.15: Minimum-bias jet pr distributions (left) and efficiency correction (right) as a functions of jet pr,
for R = 0.2 jets in Pb+PDb collisions of various centralities.
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Figure 4.16: Minimum-bias jet pr distributions (left) and efficiency correction (right) as a functions of jet pr,
for R = 0.3 jets in Pb+PDb collisions of various centralities.
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4.2.3 Unfolding

The measured (pﬁ?flo,prTefQO) distributions were unfolded in order to correct for the effects of the JES and
JER: bin migration of both the leading and the subleading jet pr, and possible swapping of the leading and
subleading jet. The unfolding used the iterative Bayesian procedure [107] implemented in the RooUnfold [108]
software package. The unfolding was two-dimensional, in leading and subleading jet pr.

Response matrices were constructed using the overlay sample, with the response matrices containing the

relationship between truth-level dijets (pff}llth,pff}éth) and reconstructed dijets (pFS, p%). The response

matrices were populated symmetrically in pr; and pr o, similar to the (prTeﬁO, prj‘?f;) distributions in data.
Separate response matrices were generated for pp collisions as well as for each centrality selection in Pb+Pb
collisions, and for each R value used in this analysis.

Reconstructed dijets were required to pass the same pr, y, and |¢1 — ¢o| criteria as in data. Both jets were
required to have |y| < 2.1 and to be back-to-back with |¢; — ¢2| > 77w /8. Reconstructed leading jets were
required to have pie” > 79 GeV, based on the minimum pr for which the triggers are fully efficient for the
various jet radii. Reconstructed subleading jets were required to have pr®> > 32 GeV for R = 0.2,0.3 and 0.4
Jets, pry > 41 GeV for R = 0.5 jets, and pr% > 51 GeV for B = 0.6 jets. Reconstructed jets were matched
to true jets with AR < 0.75R.

True dijets were required to have |ptruth — glruth| > 77 /8 with each jet being within |ygrun| < 2.1. In

order to account for migration from lower jet piF°°, the response matrices were populated with true jets down

to a pii™ of 20 GeV and a p'y™ of 10 GeV. True dijets that did not match a reconstructed dijet passing
the selection criteria were accounted for by using an efficiency correction in the unfolding (different from the

combinatoric dijet efficiency described in the previous section).

Reweighting The unfolding requires an assumption of an initial distribution, called the prior, which is

similar to the measured distribution. The prior weights were given by the data to MC ratios of the (prfclo, prTe’CQO)

distributions. The response matrices were reweighted along the ptTr}llth and p%}lzth axes by these prior weights.

Figures 4.19-4.23 show the prior weights for the various jet radii and centralities in Pb+Pb collisions.

Statistical uncertainties The statistical uncertainties in the unfolded results were calculated by using
the bootstrapping method outlined in Reference [109]. In this method, replicas of the data and MC were
produced using weights given by a Poisson distribution with mean 1, and the statistical uncertainties were
obtained from the standard deviation of the replicas. Applying this bootstrapping method is particularly
important for the treatment of correlations among the jets in the same event. An example of such correlations

is some small R jets being reconstructed as a single large R jet. The Poisson weights were assigned based on
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Figure 4.19: Data/MC weights for R = 0.2 jets in Pb+Pb collisions of various centralities.

the event number. Jets in the same event were given the same weight and are treated as correlated, whereas
jets in different events were given different weights and treated as uncorrelated. For this analysis, 100 replicas
of the data (pfl?flo, pﬁ?fzo) distributions and 100 replicas of the response matrices were considered. The nominal
data was unfolded with each of the response matrix replicas to obtain the statistical uncertainties of the MC.
Similarly, each replica of the data was unfolded with the nominal response matrix to obtain the statistical
uncertainties of the data. The total statistical uncertainties were obtained by adding the standard deviations

of the data and MC replicas in quadrature.
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Figure 4.20: Data/MC weights for R = 0.3 jets in Pb+Pb collisions of various centralities.
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Figure 4.21: Data/MC weights for R = 0.4 jets in Pb+Pb collisions of various centralities.
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Figure 4.22: Data/MC weights for R = 0.5 jets in Pb+Pb collisions of various centralities.
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Figure 4.23: Data/MC weights for R = 0.6 jets in Pb+Pb collisions of various centralities.
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Tuning the number of iterations The unfolding depends on the number of iterations used. The optimal
number of iterations was obtained by balancing the statistical uncertainties and the unfolding convergence.
The number of iterations was tuned separately for pp collisions and each centrality selection in Pb+Pb.
The statistical uncertainty ogia; was obtained from the bootstrapping method. The unfolding convergence
Ocony Was calculated as the absolute difference between iteration n and iteration n — 1 of the unfolded z;

distribution. These two contributions were added in quadrature over all 23 and pr; bins, with the total

_ 2
Ototal = \/ Ugonv + Ogtat (42)

Figures 4.24-4.27 show 0iota1 as a function of the number of iterations for the various jet radii in pp

Ototal DeINg given by:

collisions and in Pb+Pb collisions of various centralities. The optimal number of iterations was obtained

from minimizing oota) as a function of the number of iterations. The values used in this analysis are shown

in Table 4.4.
Centrality bin 0-10% | 10-20% | 20-40% | 40-60% | 60-80% | pp
Number of iterations for R = 0.2 3 3 3 2 2 3
Number of iterations for R = 0.3 4 3 3 2 2 3
Number of iterations for R = 0.4 6 4 4 4 4 4
Number of iterations for R = 0.5 6 6 4 2 2 5
Number of iterations for R = 0.6 7 6 6 2 2 7

Table 4.4: Optimal number of iterations used for the various jet radii in Pb+Pb collisions of various centralities
and in pp collisions.
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The number of iterations is generally larger for the larger jets due to the worse JER. However, it is worth
noticing that it also depends on the underlying distribution, which has a different shape for the various jet
radii, and thus a different number of iterations is required to converge to the different shapes. This can be
seen in Figure 4.28 for pp collisions, where the JER is similar for the various jet radii, but the shape and

optimal number of iterations is different. An analogous plot for 0-10% central Pb-+Pb collisions is shown in

Figure 4.29.
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Figure 4.28: Self normalized x; distributions in pp collisions, before unfolding and unfolded with different
number of iterations, for the R = 0.2 (left) and R = 0.6 (right) jets.
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Figure 4.29: Self normalized xj distributions in 0-10% Pb+PDb collisions, before unfolding and unfolded with
different number of iterations, for the R = 0.2 (left) and R = 0.6 (right) jets.

Closure Self-closure and half-closure tests were done in order to verify that the unfolding can undo the

JES and JER effects and extract the true underlying distributions.

In the self-closure test, the same MC sample was used to generate the response matrix and to produce



fake data to unfold. In this case, it was observed that the ratio of the unfolded result to the underlying true
distribution was identically one, for all centralities in Pb+PDb collisions and in pp collisions. The results of the
self-closure test are shown in Figure 4.30 for R = 0.6 jets for selected pr ;1 bins in 0-10% Pb+PDb collisions,

where perfect closure is observed. Similar results are obtained for other pr ; bins, centrality bins, and jet

radii.
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Figure 4.30: Self-closure test results. Unfolded and true self-normalized 25 distributions (top) for R = 0.6 jets
in 0-10% Pb+PDb collisions, and the corresponding ratios of unfolded to true (bottom), for selected pr 1 bins.

In the half-closure test, one half of the MC sample was used to generate the response matrix, and the
other half of the MC was used as fake data to unfold. Unlike the self-closure test, the two samples are
statistically independent. The results of the half-closure test are shown in Figure 4.31 for R = 0.6 jets for

selected pr1 bins in 0-10% Pb+Pb collisions.
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Figure 4.31: Half-closure test results. Unfolded and true self-normalized z; distributions (top) for R = 0.6
jets in 0-10% Pb+Pb collisions, and the corresponding ratios of unfolded to true (bottom), for selected pr 1
bins.

4.2.4 Extraction of observables

The (pr,1, pr,2) distributions are projected into bins of z; in a scheme [38, 39, 110] that is shown in Figure 4.32.

First, when the (pr 1, pr,2) distributions are constructed, they are symmetrized across the pr 1 = pr 2 diagonal.

The symmetric (pr 1, pr2) distributions are then unfolded and unsymmetrized. Then, the counts in each

(pr,1,p7,2) bin are divided by two, with each half corresponding to consecutive x; bins. Finally, the counts

per zj bin are added up and used to build the x; histogram, while applying the appropriate normalization.
The statistical errors are propagated accordingly.

To obtain Rfﬁr, the unfolded and unsymmetrized (pr 1, pr2) distributions are integrated over pr o to
pair

obtain RY (pr.1), and over pr to obtain RY% (pr.2). Additionally, the normalization of RY%" uses the

values of listed in Table 4.1.
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Figure 4.32: Diagram of the x; projection scheme.

Centrality NeAvjt\ (Lpp) <TAA> [mbfl] 5<TAA>/<TAA> (5Lpp/Lpp)
0-10% | 16.41 x108 23.35 0.87 %
10-20% | 16.41 x108 14.33 1.0 %
20-40% | 32.82 x108 6.79 2.4 %
40-60% | 32.82 x108 1.96 4.8 %
60-80% | 32.82 x108 0.394 8.2 %
PP 256.8 pb! N/A 1.0 %

Table 4.5: Number of events in Pb+Pb collisions and luminosity in pp collisions, (Taa) in Pb+Pb collisions
and the corresponding uncertainties.

4.3 Systematic uncertainties

Systematic uncertainties in this measurement arise from these sources: the JES and JER; the unfolding, which
has contributions from the choice of prior weight and the subleading jet pr cut used; the combinatoric dijets,
which has contributions from both the subtraction and the efficiency correction; and the global normalization.

Each component is described in detail in the following sections.

4.3.1 Jet uncertainties

JES uncertainty The JES uncertainty has five components. The first component pertains to the calorimeter
response in pp collisions at a center of mass energy /s = 13 TeV, where a centrality-independent component

is obtained from in situ studies [111]. The second component corresponds to the difference in energy scale
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between the jet reconstruction in this analysis and in 13 TeV pp collisions. This uses the cross-calibration
procedure described in Reference [92], which is centrality-independent.

The third component pertains to the MC description of the relative abundances of jets initiated by quarks
or gluons, as well as the corresponding detector responses. These centrality-independent flavor uncertainties
were previously studied for R = 0.2 and R = 0.4 jets [39], so this analysis only focused on obtaining them for
the remaining jet radii. PYTHIA 8 and HERWIG7 MC samples were used to obtain these uncertainties.

The flavor uncertainties consist of a flavor fraction uncertainty J%a"or and a flavor response uncertainty

a?a"or given by:

O,?avor _ |( PYTHIA _ sI7{ER\7\/IG)(}%‘(1;’YTHIA _ REYTHIA)/<RPYTHIA>| (43)

O_%avor |f;3YTHIA (RI;YTHIA _ R;—IERWIG” (44)

where f, and f,; are the fractions of quark and gluon jets in the MC samples, and R, and R, are the gluon
and quark jet responses, respectively.

The flavor fractions and JES from PyTHIA 8 and HERWIGT are shown in Figures 4.33-4.35 for R = 0.3,
R =0.5 and R = 0.6 jets. Gluon jets dominate at lower momentum, while quark jets are prevalent at high
momentum. The detector response is generally better for gluon jets than for quark jets.

The flavor uncertainties are shown in Figure 4.36. The depletion at low pr in the R = 0.5 and R = 0.6
flavor uncertainties comes from the uncertainty switching sign and crossing zero before taking the absolute

value.
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Figure 4.33: Flavor fractions and responses for R = 0.3 jets. (left) Number of quark (blue), gluon (red) and
inclusive (black) jets as a function of pift (middle) Fraction of quark (blue) and gluon (red) jets as a function
of p’{ft (right) JES of quark (blue) and gluon (red) jets as a function of p’{ft The top row plots are from
PyTHIA 8 and the bottom row plots are from HERWIGT.
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Figure 4.34: Flavor fractions and responses for 2 = 0.5 jets. (left) Number of quark (blue), gluon (red) and
inclusive (black) jets as a function of p)'. (middle) Fraction of quark (blue) and gluon (red) jets as a function

of pit*. (right) JES of quark (blue) and gluon (red) jets as a function of p*. The top row plots are from
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The fourth component corresponds to the differences between data and MC. The differences come from
the parton shower modifications due to jet quenching [112], which are not present in the MC and cause
the detector response to be slightly different in data. This uncertainty is first evaluated by comparing the

transverse momentum p]ft of R = 0.4 jets, which is measured in the calorimeter, with the total momentum

p%a‘:k of charged particles inside the jet, which are measured as tracks in the inner detector. This is quantified

by rik [92], which is defined as:
track
Tirk = Lpi 5"; (4.5)
T
track

where tracks are required to have p7*®™ > 4 GeV in order to exclude particles from the UE. Differences

between the r?ﬁfa in data and the Ti\ff in MC are then quantified by Ry,x, which is defined as:

Tdﬁfa

t

Ry =~k (4.6)
trk

This uncertainty is centrality-dependent but does not depend on p]Tet or 7. The centrality-dependent component
of this uncertainty is at most 1.25% in the most central collisions. The centrality-independent component
adds an additional 0.5% uncertainty and accounts for differences between the 2018 peripheral Pb+Pb data
and the 2017 pp data.

Finally, the fifth component corresponds to the jet radius dependence of the JES. A centrality-independent
contribution is assessed by comparing the ratio of py for matched R = 0.2, R = 0.3, R = 0.5, and R = 0.6 jets
with R = 0.4 jets measured in data and the MC sample. For R = 0.5 and 0.6 jets, an additional centrality-
dependent contribution accounts for differences with respect to the uncertainties derived for R = 0.4 jets.
The response matrices were recomputed using the MC sample with a JES that was modified as a function of

pr and 7 by one standard deviation.

JER uncertainty The uncertainty due to the JER was evaluated by repeating the unfolding procedure with
modified response matrices, where an additional contribution is added to the resolution of the reconstructed
pr in the MC sample using a Gaussian smearing procedure. The smearing factor was evaluated using an in
situ technique in 13 TeV pp data that involves studies of dijet pt balance [113]. Further, an uncertainty was
included to account for differences between the tower-based jet reconstruction and the jet reconstruction
used in analyses of 13 TeV pp data, as well as differences in calibration procedures. Similarly to the JES, an
additional uncertainty was assigned to the JER to account for differences between the R = 0.4 jets and the
other jet radii. The modifications to the response were propagated through the unfolding and the resulting

uncertainty was symmetrized.

(0]



4.3.2 Unfolding uncertainties

Prior sensitivity As described in Section 4.2.3, the response matrices were reweighted prior to unfolding
by weights that are nominally given by the data/MC ratios of the (p&?flo,prTe’CQO) distributions. To assess
the uncertainty associated to the choice of prior weights, an alternative set of weights was used, which are
given by functions dependent on pr, centrality, and jet radius. The deviation from the nominal result was
symmetrized and taken as an uncertainty.

For 0-10% and 10-20% central Pb+Pb events, the alternative prior weights are given by:

w(pr,1, pr,2, cent, R) =

042+ C t) (BT 3 1 — Pr2
+ Co(cent) ( 100) )3 % ( PT,1 PT,2 (4.7)

+0.14 —=
2 1+ e—(pr,1—120)/10
(B~ CR))+ Coleent) (55 T

For 20-80% central Pb+Pb events, the alternative prior weights are given by:

0.42 4 Co(cent) (252)°

w(pr,1,pr,2, cent,R) = > . (48)
(% - CI(R)) + Co(cent) (553)
In pp collisions, the alternative prior weights are given by:
0.52 + Co(cent) (EX2 g
w(pr,1,pr,2,cent,R) = (cent) (%) (4.9)

(& — 0.5)2 + Co(cent) (%)5

PT,1

The Cy values for each centrality are shown in Table 4.6 and account for the centrality dependence to
the modification. Note that even though Equations 4.7-4.9 and the Cj values were applied in the same
way for the various jet radii, this alternative weighting was actually different for each radii because the MC

samples used to construct the response matrices were different. The C; values for each jet radius are shown

in Table 4.7.
Centrality bin | Cy values

0-10% 0.01
10-20% 0.01
20-40% 0.06
40-60% 0.1
60-80% 0.5

pp 0.5

Table 4.6: Cy values used in Equations 4.7-4.9 to generate the alternative prior weights, for various Pb+Pb
centrality bins and pp collisions.

The effect of the prior weights on the x; distributions in the MC sample is shown in Figure 4.37 for
R = 0.2 jets and in Figure 4.38 for R = 0.6 jets, both for 0-10% Pb+Pb collisions. The functions were chosen
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R | C; values
0.2 0.25
0.3 0.25
0.4 0.5
0.5 0.3
0.6 0.3

Table 4.7: C; values used in Equations 4.7-4.9 to generate the alternative prior weights, for the various jet

radii.

so that the nominal and alternative weights would give variations that enclose the raw data, as seen in these

figures.

H T T T T T T .2 T T T T T T E T T T T T T T T T T T T
Ao 24 .- Ao 06F .
%1‘7 R=0.2 0-10% lOO<pT1<112 Ge %;Ié“ 26FR=0.2 0-10% 112<pT1<126 Gex %;Ié“ ij R=0.2 0-10% 126<pT1<14l Gey | R=0.2 0-10% 141<pT1<158 Gey
£24 E B2 E 3 E
o= Raw data =) o= Raw data E 1z 22F o @ == Raw data E = e o= Raw data E
== MC nominal JEe®e =@= MC nominal 3 2 . =8= \C nominal E > . ° =8= MC nominal E
=8= MC alterative 15 o o ° =8= NC altemative 19 ce S =8= NC altemative 3 . =8= NC altemative =
s 1of® .So.’ R 3 e ® 98 8 9 g E L esd8 0, : E
g . 14F © e o E 148 @ e © ° E ® o . ° E
° o ) . 1E® . E o o
e o = ° o . . ° > °

° b 3 ME P L

3 L4 I . .

LE . 04| . ogf o 08f o
[ s L L L - 06E Ly L s L L L L L L L L L, S [ L L L L -
04705 06 07 08 09 0405 05 07 08 09 040506 07 08 09 040506 07 08 09

% % % %
T T T T T T T T T 9. T T T T T T T T ARRR:
158<p_r1<178 Ge SFR=0.2 0-10% 178<p11<200 GeX %1“ 286R=0.2 0-10% 200<pn<224 Ge¥ 224<pT1<251 Gey
af E & 2.4 E E
== Raw data 2F == Raw data E = 2 0F =8= Raw data E o= Raw data E
== MC nominal E o0 o == MCnominal 2F == MCrominal o= NC nominal 3
=e= MC altemative 8f ° =8 NC altemative 5 1 % e =e= NCaltemative =o= NCaltemative
o 3 3 g0 8 o E 16k © e s o, E e o E
. ° E A g ] . . E ufe g . o o ° o
o ® o 2p® . o 12k 8 M o o
LA ® ° e o ° E ®
L4 .
o 8F ° ogf E E
L L - & L L L L M- L S L L L L - L L -
07 08 09 04 05 06 07 08 09 04 05 06 07 08 09 07 08 09
% % % %
T T T e T T T T T T 1o 7 T T T T T T T T
251<p_r1<282 Gex %1’{ R=0.2 0-10% 282<p_r1<316 Ge %1‘{ R=0.2 0-10% 316<p_r1<398 GeY 398<p_r1<562 GeY
525k 3 g
o= Raw data =5 == Raw data 2" 25f == Raw data e o= Raw data
== MC nominal =®= \MC nominal =@= \C nominal 2.5F =@= NC nominal E
== MC alternative 2F =8 MC alterative 25 =8= NC alternative =8= \C alternative
. . . 2F ° E
LR 15F es ® ¢ i ° s ° LI ] s
e 3 $° Lo : LE 15F ° ® ]
[} e HR .
. . I L]
E i+ § E o E i . E
E [ ] .
L L - o. L L L L L L oot L L L L L oste®y L L L L L
07 08 09 04 05 06 07 08 09 04 05 06 07 08 09 04 05 06 07 08 09
% % % %

Figure 4.37: x; distributions in MC using the nominal and alternative prior weights, for R = 0.2 jets in 0-10%
Pb-+Pb collisions and for various pr,; bins. For comparison, the zy distributions in data before unfolding are
also shown.

reco

Jet selection The unfolding is sensitive to the minimum subleading jet p'% used in the analysis. This

is because at low momentum there can be contributions from the UE in the form of worse JER or fake

jets, which can affect the unfolding. Nominally, the analysis was performed requiring subleading jets with

reco

Py > 32 GeV for R =0.2,0.3 and 0.4 jets, pF5 > 41 GeV for R = 0.5 jets, and p'y > 51 GeV for R = 0.6

jets. To assess the associated uncertainty, the analysis was repeated raising this transverse momentum

reco

threshold to pfs > 39 GeV for R = 0.2,0.3 and 0.4 jets, ps’ > 51 GeV for R = 0.5 jets, and pir§’ > 63 GeV

for R = 0.6 jets. The deviation from the nominal result was symmetrized and taken as an uncertainty.
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Figure 4.38: xj distributions in MC using the nominal and alternative prior weights, for R = 0.6 jets in 0-10%
Pb-+Pb collisions and for various pr,; bins. For comparison, the zy distributions in data before unfolding are
also shown.

4.3.3 Combinatoric dijet uncertainties

The uncertainty related to the combinatoric dijets was evaluated for both the subtraction and the efficiency
correction. Variations of the analysis were made for these two contributions separately as described below.
The deviation from the nominal result was taken as the uncertainty contribution. Both of these contributions

were found to be negligible compared to the other sources of systematic uncertainties.

Subtraction As discussed in Section 4.2.2, a nominal sideband of 1 < |1 — ¢a| < 1.4 was used to estimate
the combinatoric dijet contribution in data and perform the combinatoric dijet subtraction. To evaluate the

associated uncertainty, the analysis was repeated using an alternative sideband of 1.1 < |¢1 — ¢o| < 1.5.

Efficiency correction As discussed in Section 4.2.2; an efficiency correction was applied to correct for
subleading jets that are superseded by a third uncorrelated jet. The associated uncertainty was evaluated by

repeating the analysis without applying the efficiency correction.

4.3.4 Global uncertainties

The global uncertainties refer to the determination of the mean nuclear thickness function (Txa), and
the pp luminosity. These uncertainties apply only to the absolutely normalized xj distributions, the Jaa
distributions, and the Riﬁr(pml) and Rgir(pq;’g) distributions. They are independent of the jet transverse
momentum. The (Txa) uncertainties are shown in Table 4.1, while the luminosity uncertainty in pp collisions

is 6 Lpp = 1% [114].
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4.3.5 Total uncertainty

The systematic uncertainties of the absolutely-normalized xj distributions for central Pb+Pb and pp collisions
can be seen in Figure 4.39 for R = 0.2 jets and in Figure 4.40 for R = 0.6 jets. In central Pb+Pb collisions
for R = 0.2 jets, the total uncertainties are driven by the JES and JER uncertainties; for R = 0.6 jets in
these collisions, the total systematic uncertainties are largely driven by the unfolding’s sensitivity to the
choice of prior. In pp collisions, the total uncertainties are largely driven by the JES and JER uncertainties
for both the R = 0.2 and R = 0.6 jets. The fractional uncertainties are largest at low zj in both collision
systems; however, the yield in these x; regions is small. Similar trends were obtained for the systematic
uncertainties of R = 0.3, R = 0.4, and R = 0.5 jets, with similar values of the fractional uncertainties.

The systematic uncertainty contributions are similarly propagated to the calculation of Rg&f and Jaa.
For these quantities that involve ratios, the correlation between the systematic uncertainties was considered.
The ratios allow the cancellation of systematic uncertainties and improve the precision of the measurements.
Various types of ratios were obtained in this analysis. Type 1 corresponds to the ratios of Pb+Pb to pp
collisions: R?&r, Jaa. Type 2 corresponds to the ratios of subleading to leading RT}S: joir (pr,2)/ joir (pT1)-

Type 3 corresponds to the ratios of R to R = 0.2: RY%'(R)/RY4(0.2), Jaa(R)/Jaa(0.2). Table 4.8 shows

how the correlations were treated, depending on the type of ratio.

Uncertainty Type 1 quantities | Type 2 quantities | Type 3 quantities
Centrality-independent R = 0.4 JES Correlated Correlated Correlated
Centrality-dependent R = 0.4 JES Uncorrelated Correlated Correlated
Baseline R = 0.4 JER Correlated Correlated Correlated
R-dependent JES and JER Correlated Correlated Uncorrelated
(centrality-independent)
R-dependent JES and JER Uncorrelated Correlated Uncorrelated
(centrality-dependent)
Prior sensitivity Uncorrelated Correlated Uncorrelated
Combinatoric dijet subtraction Uncorrelated Correlated Uncorrelated
Combinatoric dijet efficiency correction Uncorrelated Correlated Uncorrelated
Jet selection Uncorrelated Correlated Uncorrelated
Global uncertainties Uncorrelated Correlated Correlated

Table 4.8: Correlations between the systematic uncertainty components for the three types of ratios considered
in this analysis.

The resulting uncertainties in Rﬁir(pT,l) and Rggf (pr,2) are shown for 0-10% central Pb+Pb collisions

in Figure 4.41 for R = 0.2 and R = 0.6 jets. In this case, the uncertainties are dominated by the JES and
JER. Similar trends were obtained for the systematic uncertainties of R = 0.3, R = 0.4, and R = 0.5 jets,

with similar values of the fractional uncertainties.
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Figure 4.39: Systematic uncertainties of the absolutely normalized xj distributions in 0-10% central Pb+Pb
collisions (left) and pp collisions (right) for R = 0.2 jets. Leading jets with 158 < pp 1 < 178 GeV (top),
200 < pr,1 < 224 GeV (middle), 398 < pp1 < 562 GeV (bottom) are shown. Jets are selected with |y| < 2.1
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Figure 4.40: Systematic uncertainties of the absolutely normalized xj distributions in 0-10% central Pb+Pb
collisions (left) and pp collisions (right) for R = 0.6 jets. Leading jets with 158 < pp1 < 178 GeV (top),
200 < pr,1 < 224 GeV (middle), 398 < pp1 < 562 GeV (bottom) are shown. Jets are selected with |y| < 2.1
and |¢1 — ¢2| > Tm/8.
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Figure 4.41: Systematic uncertainties of the R}%" for leading (left) and subleading (right) R = 0.2 (top)
and R = 0.6 (bottom) jets. The uncertainties on the Taa and pp luminosity values are not shown. Jets are
selected with |y| < 2.1 and |1 — ¢2| > T7/8.
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4.4 Results

4.4.1 RYY distributions

The leading and subleading dijet yields in 0-10% central Pb+Pb collisions and the dijet cross sections in pp
collisions are shown in Figure 4.42 for the various jet radii. Notice that these distributions correspond to
the numerators and denominators in Egs. (1.14) and (1.15). Additional distributions for other centrality

selections are shown in the Appendix.
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Figure 4.42: Leading (left) and subleading (right) dijet yields in 0-10% central Pb+Pb collisions (top) and
dijet cross sections in pp collisions (bottom) as a function of pr for the various jet radii. Jets are selected
with |y| < 2.1 and |¢1 — ¢2| > 7w /8. The normalization uncertainties (not shown) are 6{Tan)/{Tan) = 0.9%
in 0-10% Pb+Pb collisions and 6L,,/L,, = 1% in pp collisions. The boxes correspond to systematic
uncertainties and the bars to statistical uncertainties.

Figure 4.43 shows the ratios of R = 0.3,0.4,0.5,0.6 with respect to R = 0.2 of the dijet yields in central

Pb+Pb collisions and the dijet cross sections in pp collisions. The dijet yields increase with increasing jet
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radius for both the leading and subleading jets in both collision systems. Additionally, the ratios of jet radius
R to R = 0.2 of the dijet cross sections in pp data are compared with PYTHIA 8 and HERWIG7 simulations
in Figure 4.43. Generally the PYTHIA 8 results are closer to the data than the HERWIGT results. HERWIGT7
consistently underpredicts the cross-section ratios. Additional distributions for other centrality selections are

shown in the Appendix.
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Figure 4.43: Leading (left) and subleading (right) dijet cross-section ratios of jet radius R with respect to
R = 0.2 as a function of pr for the various jet radii in 0-10% central Pb+Pb (top) and pp (bottom) collisions.
The pp data is compared with PYTHIA 8 and HERWIGT simulations. Jets are selected with |y| < 2.1 and
|1 — ¢2| > Tm/8. The boxes correspond to systematic uncertainties and the bars to statistical uncertainties.

The Rffjir distributions are shown in Figure 4.44 for R = 0.2 and R = 0.6 jets. For both jet radii, the

pair

leading jet RR%" (pr.1) is larger than the subleading jet RY% (pr.2) for all pp considered here. Tt is also observed

that R4 (pr.1) and RY% (pr.2) generally increase with increasing pr, except for the leading RY (pr.1) of

the R = 0.6 jets, which is flatter as a function of pr. This behavior had also been previously observed with

R = 0.4 jets in Ref. [39]. Additional distributions for other jet radii and centrality selections are shown in
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the Appendix.
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Figure 4.44: Leading and subleading jet RY’," distributions in dijets as a function of pt for R = 0.2 (left)
and R = 0.6 (right) jets in 0-10% Pb+PDb collisions. Jets are selected with |y| < 2.1 and |¢1 — ¢2| > 77/8.
The normalization uncertainties (not shown) are 6(Taa)/{Tan) = 0.9% in 0-10% Pb+Pb collisions and
dLpp/Lypp = 1% in pp collisions. The boxes correspond to systematic uncertainties and the bars to statistical
uncertainties.

pair

To understand the differences between the Rlﬁr of leading and subleading jets, the R\ (pr.2)/ Rf"f}ir (pT1)
ratio is considered. Figure 4.45 shows RIXXT (pr.2)/ RIXXT (pr,1) as a function of centrality, jet radius, and pr
for jets with 158 < pr < 316 GeV. The overall trend as a function of centrality is as expected; for all jet
radii, the most central collisions show the most suppression of the subleading jet relative to the leading jet in
the dijet, and the most peripheral collisions show the least. The R dependence of this ratio is isolated for
both the most central and most peripheral Pb+Pb collisions; no significant R dependence is observed for
either. For central Pb+Pb collisions the value of this ratio is approximately 0.7-0.8, whereas for peripheral
collisions the value is higher, approximately 0.9-1.1. Additionally, the RRY (pr.2)/ R4 (pr.1) ratio shows no
significant dependence on pr, for both central and peripheral collisions. This can be explained in terms of a

path length dependent jet energy loss, which causes the subleading jets to experience an additional amount

of quenching by traversing a longer distance within the QGP medium compared to the leading jets.
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Figure 4.45: Double ratio RYY (pr.2)/ RV (pr.1) of the subleading to leading jet RYY" distributions in dijets
as a function of centrality (top left), jet radius (top right), and pr for 0-10% (bottom left) and 60-80%
(bottom right) central Pb+Pb collisions, for 158 < pr < 316 GeV. Jets are selected with |y| < 2.1 and
|1 — ¢2| > Tm/8. The boxes correspond to systematic uncertainties and the bars to statistical uncertainties.

Discussion of Rpalr distributions

To evaluate the R dependence of the Rpalr distributions, the leading and subleading jet Raa, along with the
corresponding R4 (R)/ R4 (0.2) ratios, are shown in Figure 4.46 for the various jet radii for the 0-10%

AT (pp 1) increasing with

centrality selection. Some R dependence is observed for the leading jets, with the R
the jet radius. In the most central collisions at pt approximately 200 GeV, the RPAEXr (pr,1) of R =0.2 jets is
approximately 0.55, whereas for R = 0.6 it is closer to 0.65. This R dependence is consistent with larger
R jets being less suppressed than smaller R jets. A similar R dependence was observed in Ref. [60]. An R
dependence is also observed for subleading jets, but the RR% (pr2) values and the deviations from unity

in the RYA"(R)/RR4(0.2) ratio is smaller than for the leading jets. Since the RY4 (pr.2)/ R34 (pr.1) ratio

shows no significant dependence on R or pr (as seen in Figure 4.45), the Rpw(pT 2) of subleading jets can
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be seen, approximately, as a scaled down version of the R’y

centrality only.
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Figure 4.46: Leading (top) and subleading (bottom) jet Rpa”llr distributions (left) in dijets and the corresponding
R (R)/RRA(0.2) ratios (right) as a function of jet pr in 0-10% central Pb+Pb collisions. Jets are selected

with |y| < 2.

1 and |¢1 — ¢2| > 77 /8. The normalization uncertainties (not shown) are 6(Taa)/(Tan) = 0.9%

in 0-10% Pb+Pb collisions and §Ly,/Ly, = 1% in pp collisions. The boxes correspond to systematic
uncertainties and the bars to statistical uncertainties.

Additionally, the RpaLlr as a function of jet radius is shown in Figure 4.47 for two pr selections in 0-10%

central collisions, 158 < pr < 178 GeV and 282 < pr < 316 GeV. Some R dependence of the RTX is

observed, with Rgaf increasing with the jet radius, which is stronger at lower pr.
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Figure 4.47: Leading and subleading jet RY’\" distributions in dijets as a function of jet radius in 0-10%
central Pb+PDb collisions, for 158 < pr < 178 GeV (left) and 282 < pr < 316 GeV (right). Jets are selected
with |y| < 2.1 and |¢1 — ¢o| > 77 /8. The normalization uncertainties (not shown) are §(Tan)/{Tan) = 0.9%
in 0-10% Pb+Pb collisions and 6L,,/L,, = 1% in pp collisions. The boxes correspond to systematic
uncertainties and the bars to statistical uncertainties.

4.4.2 1xj distributions

The absolutely normalized x; distributions in pp collisions, as defined in Eq. (1.9), are shown in Figure 4.48,
for leading jets with 158 < pp; < 178 GeV and 398 < pt,; < 562 GeV, for all jet radii considered here. The
shapes of the distributions are similar for the two pr; selections shown. In both cases, the distributions are
peaked toward balanced dijets as expected. The distributions are more sharply peaked at xj =~ 1 for larger
radius jets. This is expected if the larger radius jets cluster together radiation that could be reconstructed
as separate jets for the smaller radii. For higher pr;, the distributions for the various jet radii are closer
together than for lower pr 1, presumably because higher pr jets are more collimated. Additional distributions
for other pr; selections are shown in the Appendix.

A comparison of the pp data to PYTHIA 8 and HERWIGT simulations is shown in Figure 4.49. Here the
self normalized zy distributions are plotted for R = 0.2 and R = 0.6 jets with 158 < pt; < 178 GeV and
398 < pr,;1 < 562 GeV. The self normalized x; distributions are considered in order to take out any overall
cross-section difference between the models and data. The pp data is well described by the simulations for the

various jet radii. Additional distributions for other jet radii and pr,; selections are shown in the Appendix.
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Figure 4.49: The dijet-yield-normalized xj distributions in pp collisions, and PYTHIA8 and HERWIGT
simulations, for leading R = 0.2 (top) and R = 0.6 (bottom) jets with 158 < pp; < 178 GeV (left) and
398 < pr1 < 562 GeV (right). Jets are selected with |y| < 2.1 and |¢1 — ¢2| > 77/8. The boxes correspond
to systematic uncertainties and the bars to statistical uncertainties.
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Discussion of z; distributions

Figure 4.50 shows the R dependence of the absolutely normalized xj distributions in Pb+Pb collisions, as
defined in Eq. (1.8), for centrality selections 0-10% and 20-40%, and the same pr 1 selections as shown for
pp collisions. The xj distributions in Pb+Pb collisions are broadened compared to those in pp collisions
in Figure 4.48. The magnitude of the modification is larger for lower pr; values and for more central
collisions. For the 158 < pr; < 178 GeV selection in mid-central collisions, the peak at balanced dijets
remains compared to pp collisions, but becomes weaker as the jet radius decreases. For this pr ; selection
in 0-10% central collisions, the distributions are nearly flat for x3 > 0.5. For the 398 < pp; < 562 GeV
selection, the x; distributions in both central and mid-central Pb+Pb collisions remain peaked at zj ~ 1 for
the jet radii considered here. Additional distributions for other centrality selections and pr ; selections are
shown in the Appendix.

To look more closely at the centrality dependent modification from the distributions in pp collisions,
Figure 4.51 shows the overlaid xj distributions for 0-10%, 20-40%, and 40-60% central Pb+Pb collisions.
Two pr,1 selections, 158 < pp; < 178 GeV and 398 < pr,; < 562 GeV, for R = 0.2 and R = 0.6 jets are
shown. As expected, x; distributions in the most central Pb+PDb collisions are the most modified compared

to those in pp collisions, with the rate of balanced dijets being strongly suppressed.
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Figure 4.50: The absolutely normalized x; distributions in 0-10% central Pb+Pb collisions (top), 20-40%
central Pb+Pb collisions (bottom) for leading jets with 158 < pp 1 < 178 GeV (left) and 398 < pr1 < 562 GeV
(right). Jets are selected with |y| < 2.1 and |¢1 — ¢2| > 77 /8. The normalization uncertainties (not shown)
are 0(Tan)/{Tan) = 0.9% and 2% for Pb+PDb centrality selections 0-10% and 20-40%, respectively. The
boxes correspond to systematic uncertainties and the bars to statistical uncertainties.
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Figure 4.51: The absolutely normalized xj distributions for R = 0.2 (top) and R = 0.6 (bottom) jets for
three centrality selections in Pb+Pb collisions and pp collisions. Leading jets with 158 < pp; < 178 GeV
(left) and 398 < pr1 < 562 GeV (right) are shown. Jets are selected with |y| < 2.1 and |¢p1 — ¢o| > 77/8.
The normalization uncertainties (not shown) are §(Taa)/(Tan) = 0.9%, 2%, and 5% in 0-10%, 20-40%,
and 40-60% Pb+PDb collisions, respectively, and dL,,/Ly, = 1% in pp collisions. The boxes correspond to
systematic uncertainties and the bars to statistical uncertainties.
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4.4.3 Jpaa distributions

The Jaa is defined in Eq. (1.11) as the ratio of the dijet yields in Pb+Pb collisions to pp collisions. The
Jaa distributions for 0-10%, 20-40%, and 40-60%, and 200 < pr 1 < 224 GeV, are shown in Figure 4.52
for R=0.2, R=0.4, and R = 0.6 jets. For the various centralities, there is a suppression of the number of
balanced (high z;) dijets and an enhancement of imbalanced (low zj) dijets, with the modifications being
larger towards more central collisions. While the enhancement at low x; can be large in terms of the Jaa, it
is worth recalling that the corresponding absolute dijet yields are small at low xj, especially for the larger R
jets, as was previously seen in Figure 4.50. The larger uncertainties on the Jaa of the R = 0.6 jets in the
most central collisions are driven by the sensitivity to the unfolding prior weights as well as the JES and

JER, which affect the bins at low xj.
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Figure 4.52: Jaa distributions for R = 0.2 (top left), R = 0.4 (top right), and R = 0.6 (bottom) jets for
three centrality selections in Pb+-Pb collisions and pp collisions. Leading jets with 200 < pt; < 224 GeV are
shown. Jets are selected with |y| < 2.1 and |¢1 — ¢2| > 77/8. The normalization uncertainties (not shown)
are 0(Tan)/(Tan) = 0.9%, 2%, and 5% in 0-10%, 20-40%, and 40-60% Pb+Pb collisions, respectively, and
0Lyp/Lpp = 1% in pp collisions. The boxes correspond to systematic uncertainties and the bars to statistical
uncertainties.
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Discussion of Jaa distributions

The Jaa distributions are overlaid for the various jet radii in Figure 4.53, along with their corresponding
Jaa(R)/JIan(0.2) ratios. In the most central collisions, 0-10%, a larger Jaa is observed for larger jet radius,
more noticeable towards lower zj. In 20-40% central collisions, the same quantitative trend is observed but
the magnitude of the deviation from unity is smaller. Similarly, in terms of the Jaa(R)/Jaa(0.2) ratios, at
low xj there is a spread of the central values of Jaa for the various jet radii and the uncertainties are larger.
At high-xj, the Jaa values show an R dependence of smaller magnitude. Additional distributions for other

centrality selections and pr ; selections are shown in the Appendix.
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Figure 4.53: Jaa distributions (left) and its corresponding Jaa (R)/Jaa(0.2) ratios (right) in 0-10% (top)
and 20-40% (bottom) central Pb+Pb collisions, for 200 < pr; < 224 GeV. Jets are selected with |y| < 2.1
and |¢1 — ¢2| > 7w /8. The normalization uncertainties in Jya (not shown) are §(Tan)/(Tan) = 0.9% and
2% in 0-10% and 20-40% Pb+Pb collisions, respectively, and dL,,/L,, = 1% in pp collisions. The boxes
correspond to systematic uncertainties and the bars to statistical uncertainties.

To evaluate the R dependence of these distributions, the Jaa is plotted as a function of the jet radius
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in Figure 4.54, for several pr; selections at zj values of 0.89 < z; < 1.0 and 0.50 < zj < 0.56 in the most
central collisions. The corresponding Jaa(R)/Jaa(0.2) ratios are shown in Figure 4.55. For nearly balanced
dijets (0.89 < xy < 1.0), a small R dependence to Jaa is observed, with the Jaa increasing with the jet
radius. As the dijets become more imbalanced (0.50 < z3 < 0.56), this R dependence becomes stronger. For
both balanced and imbalanced dijets, the R dependence is observed to be larger for lower pr; values. This
R-dependent behavior can be explained by considering that the subleading jets, which have lost energy and
thus caused the dijets to become imbalanced, recover some of the lost energy as the jet radius increases.
Another contribution comes from the medium response, which can add energy to the jets.

To assess the pr dependence of the Jaa(R)/Jaa(0.2) ratios, Figure 4.56 shows the Jaa(R)/Jaa(0.2)
ratios as a function of pr;, for R = 0.4 and R = 0.6 jets, and two x; selections, 0.50 < z3 < 0.56 and
0.89 < &y < 1.0. The Jaa(R)/Jaa(0.2) ratios come closer to unity with increasing pr 1, with the modification
being larger for larger R jets. The deviations from unity are much smaller for balanced dijets than for

imbalanced dijets.
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Figure 4.54: The Jaa values as a function of R for jets with (from the top row) 158 < pr1 < 178 GeV,
200 < pr1 < 224 GeV, 251 < pp1 < 282 GeV, and 316 < pr1 < 398 GeV in 0-10% central Pb+Pb collisions,
for 0.50 < x5 < 0.56 (left) and 0.89 < zy < 1.0 (right). Jets are selected with |y| < 2.1 and |¢p1 — ¢o| > T7/8.
The normalization uncertainties (not shown) are §(Taa)/{Tan) = 0.9% and 2% in 0-10% and 20-40% Pb+Pb
collisions, respectively, and 0L,/ Ly, = 1% in pp collisions. The boxes correspond to systematic uncertainties
and the bars to statistical uncertainties.
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Figure 4.55: The Jaa(R)/Jaa(0.2) ratios as a function of R for jets with (from the top row) 158 <
pra < 178 GeV, 200 < pr1 < 224 GeV, 251 < pr; < 282 GeV, 316 < pr,1 < 398 GeV in 0-10% central
Pb+PDb collisions, for 0.50 < zy < 0.56 (left) and 0.89 < x5 < 1.0 (right). Jets are selected with |y| < 2.1 and
|1 — 2| > Tm/8. The boxes correspond to systematic uncertainties and the bars to statistical uncertainties.
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Figure 4.56: Jaa(R)/Jaa(0.2) ratios as a function of pr; for R = 0.4 (left) and R = 0.6 (right) jets in 0-10%
central Pb+Pb collisions, for 0.50 < z3 < 0.56 and 0.89 < x; < 1.0. Jets are selected with |y| < 2.1 and
|1 — ¢2| > Tm/8. The boxes correspond to systematic uncertainties and the bars to statistical uncertainties.

4.4.4 Comparison to Theory

Results were compared with the Linear Boltzmann Transport (LBT) [115] and JETSCAPE [116] models.
Both of these models use PYTHIA 8 as the base for the hard processes, but a different evolution of the parton
showers. The LBT model uses Boltzmann transport equations to describe the propagation of jet and medium
partons as they traverse a QGP, including elastic and inelastic perturbative QCD processes. The JETSCAPE
model combines [117], in tune v3.5 AA22, the LBT model at low parton virtuality with a MATTER [118]
medium-modified parton shower at high parton virtuality.

Figure 4.57 shows the absolutely normalized x; distributions in data compared with the JETSCAPE
model for the various jet radii in 0-10% central Pb+Pb and in pp collisions. At high x; values (zj > 0.65),
the model describes the pp data well, while at lower xj values it overestimates the data. In the case of the
Pb+Pb data, the model describes the data at high x; values. For 0.45 < x; < 0.65, the model underestimates
the Pb+Pb data. For lower z; values, the model overestimates the Pb+Pb data. Additional distributions
for other pr; selections are shown in the Appendix.

Figure 4.58 shows the R4 distributions of leading and subleading jets compared with the LBT and
JETSCAPE models, for R = 0.2 and R = 0.6 jets in 0-10% central collisions. For both the large and small
jets, the models predict that the subleading jets are more suppressed than the leading jets in dijets in terms of
the Rgﬁr. However, they have varying degrees of success in describing the measured Rp aa values. For R = 0.2
jets, the LBT model underestimates the data for both the leading and subleading jets; the JETSCAPE model
describes the leading jet RP"‘" distribution well, but overestimates the subleading jet distribution. For R = 0.6
jets, the LBT model fully describes the leading jet Rgﬁr distribution, but overestimates the subleading jet

distribution; the JETSCAPE model describes the subleading jet Rgﬂr distribution, but underestimates the
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Figure 4.57: x; distributions in data compared with the JETSCAPE (LBT+MATTER) model, for
R =0.2,0.3,0.4,0.5 and 0.6 jets in 0-10% central Pb+Pb collisions (left) and pp collisions (right), for
200 < pr1 < 224 GeV. Jets are selected with |y| < 2.1 and |¢1 — ¢2| > 7n/8. The normalization uncertainties
in the data (not shown) are 6(Taa)/(Taa) = 0.9% in 0-10% Pb+Pb collisions and §L,,/L,, = 1% in pp
collisions. The boxes correspond to systematic uncertainties and the bars to statistical uncertainties.

leading jet distribution.

The RYY'(R = 0.6)/RY% (R = 0.2) ratio of R = 0.6 jets with respect to R = 0.2 jets is shown in
Figure 4.59 for both the leading and subleading jets in 0-10% central collisions. For both the leading and
subleading jet Rgagr, the data lies between the models for the full pr range, with the LBT model above
the data and the JETSCAPE model below the data. Additionally, the data shows larger values of the
RY™"(R = 0.6)/RY (R = 0.2) ratio for the leading jets than for the subleading jets. The JETSCAPE model

predicts this order while the LBT model predicts the opposite order.
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Figure 4.58: Leading and subleading jet Rpalr distributions in dijets in data, compared with the LBT and
JETSCAPE (LBT+MATTER) models. R = 0.2 (left) and R = 0.6 (right) jets are shown for 0-10% central
collisions. Jets are selected with |y| < 2.1 and |¢1 — ¢2| > 77/8. The normalization uncertainties in the data
(not shown) are §(Taa)/(Taa) = 0.9% in 0-10% Pb+Pb collisions and §L,,/L,, = 1% in pp collisions. The

boxes correspond to systematic uncertainties and the bars to statistical uncertainties.

Figure 4.59: Leading and subleading jet R}4' (R = 0.6)/RY4 (R = 0.2) in dijets in data, compared with
the LBT and JETSCAPE (LBT+MATTER) models, for 0-10% central collisions. Jets are selected with
lyl < 2.1 and |¢1 — ¢p2| > 77 /8. The boxes correspond to systematic uncertainties and the bars to statistical

uncertainties.
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Chapter 5

Summary and conclusions

The quark gluon plasma (QGP) is an ultra hot, ultra dense state of matter in which partons are deconfined.
The QGP can be created in ultrarelativistic heavy ion collisions in which nuclei of heavy elements are collided
at almost the speed of light. Partons are hard scattered in these collisions, interact with the QGP as they
traverse it, and come out as pairs of back-to-back jets called dijets. Dijet measurements provide a powerful
tool for studying the QGP.

This thesis presents a measurement of the jet radius dependence of the dijet momentum balance be-
tween leading back-to-back jets in Pb+Pb and pp collisions at a per-nucleon-pair center of mass energy
VSxx = 5.02 TeV, measured by the ATLAS detector at the LHC. The data corresponds to a total integrated
luminosity of 1.72 nb~! of Pb+Pb collisions collected in 2018 and 255 pb~! of pp collisions collected in 2017.

Dijets were studied for jet radii R =0.2,0.3,0.4,0.5 and 0.6 by measuring the absolutely normalized
xj distributions, the Jaa distributions, and the Rgﬁr distributions. The measurements cover a broad jet
transverse momentum range, with leading jet pr ranging from 100 to 562 GeV for R = 0.2,0.3 and 0.4 jets,
and from 158 to 562 GeV for R = 0.5 and 0.6 jets.

The analysis focused on measuring the two-dimensional yield of dijets as a function of leading and
subleading jet transverse momentum. These dijet yields were corrected for the combinatoric dijet background
and unfolded using an iterative Bayesian method. The unfolded dijet yields were normalized and projected
to construct xj, Rfﬁﬂ and Jaa distributions. Systematic uncertainties were considered in order to account
for the effects of the jet energy scale and resolution, the unfolding, and the combinatoric dijet background.

The results show that larger jet radii give xy distributions peaked at higher xj values, whereas smaller
jet radii give flatter distributions, as seen in Figures 4.48 and 4.50. This is true in both the Pb+Pb and pp
collisions, but the Pb+Pb collisions show broader and more modified distributions compared to pp, with the
modifications being larger for more central collisions, as seen in Figure 4.51.

The Jaa results for more imbalanced dijets, primarily at low leading jet transverse momentum, show that

jet suppression decreases (Jaa increases) with increasing jet radius, as seen in Figures 4.54 and 4.55. For

more balanced dijets, the suppression is also present and dependent on jet radius, but smaller in magnitude
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than for imbalanced dijets. The modifications are stronger for more central collisions, as seen in Figure 4.52.
The Riﬁr results show that subleading jets in dijets are more suppressed than leading jets, for the various

jet radii considered, as seen in Figure 4.44. Significant jet radius dependence of the RZ? is observed, with jet

suppression decreasing (Riﬁr increasing) with increasing jet radius, as seen in Figure 4.46. This jet radius
dependence is observed in both the leading jet RRT(PTJ) and subleading jet RKT(PT,Q), though not in the
Rfﬁr(pT,z) / R'Eir(prp,l) ratio, which is dependent on centrality only, as seen in Figure 4.45.

These results present a comprehensive look at the modification of dijet rates in Pb+PDb collisions compared
to pp collisions. These results are complementary to existing measurements of the jet radius dependence of

jet suppression, and will provide important new constraints to theoretical models of jet energy loss.
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Appendix A: Additional distributions

The full set of results for the various jet radii, centrality selections, and jet transverse momentum selections

are shown in this appendix.

e The leading jet yields for various Pb+Pb collisions centralities and the pp cross section are shown in

Figure A.1, for the various jet radii. The corresponding R/0.2 ratios are shown in Figure A.2.

e The subleading jet yields for various Pb+Pb collisions centralities and the pp cross section are shown

in Figure A.3, for the various jet radii. The corresponding R/0.2 ratios are shown in Figure A.4.

e The leading jet RTI(}?TJ) distributions for the various jet radii and various collision centralities are

shown in Figure A.5. The corresponding R/0.2 ratios are shown in Figure A.6.

e The subleading jet Rﬂr(m,z) distributions for the various jet radii and various collision centralities

are shown in Figure A.7. The corresponding R/0.2 ratios are shown in Figure A.8.

e The absolutely normalized x; distributions for the various jet radii and various pr ; bins are shown for
Pb+PDb collisions in Figure A.9 for 0-10% central, in Figure A.10 for 10-20% central, in Figure A.11
for 20-40% central, in Figure A.12 for 40-60% central, in Figure A.13 for 60-80% central, and in

Figure A.14 for pp collisions.

e The dijet-yield-normalized x; distributions for the pp collisions, PyTHIA 8 and Herwig++7 simulations,
and various pr; bins are shown in Figure A.15 for R = 0.2 jets, in Figure A.16 for R = 0.3 jets, in
Figure A.17 for R = 0.4 jets, in Figure A.18 for R = 0.5 jets, and in Figure A.19 for R = 0.6 jets.

e The Jaa distributions for the various jet radii and various pr; bins are shown in Figure A.20 for
0-10% central, in Figure A.21 for 10-20% central, in Figure A.22 for 20-40% central, in Figure A.23
for 40-60% central, and in Figure A.24 for 60-80% central Pb+Pb collisions.

o The Jaa(R)/Jan(0.2) ratios for the various jet radii and various pr; bins are shown in Figure A.25 for
0-10% central, in Figure A.26 for 10-20% central, in Figure A.27 for 20-40% central, in Figure A.28
for 40-60% central, and in Figure A.29 for 60-80% central Pb+Pb collisions.
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e The absolutely normalized xj distributions compared with the JETSCAPE model for the various
jet radii and various pr, bins are shown in Figure A.30 for 0-10% central Pb+Pb collisions and in

Figure A.31 for pp collisions.
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Figure A.1: Leading jet yields in Pb+Pb collisions of various centralities and cross section in pp collisions, as
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Figure A.2: Leading jet yields R/0.2 ratios in Pb+PDb collisions of various centralities and cross section R/0.2
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Figure A.3: Subleading jet yields in Pb+PDb collisions of various centralities and cross section in pp collisions,
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Figure A.4: Subleading jet yields R/0.2 ratios in Pb+Pb collisions of various centralities and cross section
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Figure A.5: Leading jet Rga}ir(pT,l) distributions as a function of jet pr in Pb+Pb collisions of various
centralities, for R = 0.2,0.3,0.4,0.5 and 0.6 jets.
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Figure A.6: Leading jet RYA (R)/RY4(0.2) ratios as a function of jet pr in Pb+Pb collisions of various
centralities.

123



air

§5065F T T T T T T T T T T T 08—
T 4R =04 +R=0.6 anti-k,jets  Subleading jet o 0.75E #R=0.4 +R =06 anti-k jets  Subleading jet

#+R =03 +R=05 ! 0.7 #+R =03 *+R=05
#*R =0.2 0.65 R =0.2

0.6
0.55
0.5
0.45
ATLAS pp 255pb? 0.4 ATLAS pp 255pb?
0-10% Pb+Pb 1.72nb™ |s,,, =5.02 TeV 0.35 10-20% Pb+Pb 1.72 nb™ |5, =5.02 TeV
P S S H S N N SRR N P S S H SN N T R N B
100 150 200 250 300 100 150 200 250 300
P, ,[GeVv] p,,[Gev]
5 09— 71— %él_z,,,,‘,,,,‘,,,,‘,,,,‘
o 0.85 #R=04 +R=06 anti-k, jets  Subleading jet o 4+R=04 +R=06 anti-k jets  Subleading jet
0.8 ®R=03 *+R=05 T #R=03 *+R=05

0.75F *R=02 *+R=02

0.7
0.65
0.6
0.55
0.5 ATLAS pp 255pb* 0.6 ATLAS pp 255pb*
0.45 20-40% Pb+Pb 1.72nb™ s, =5.02 TeV ’ 40-60% Pb+Pb 1.72nb™ |, =5.02 TeV
100150 200 250 300 100150 200 250 300
P, [Gev] p,,[Gev]
g YO Ty
4 L ~R=04 +R=0.6 anti-k jets  Subleading jet
1.4- ®R=03 *R=05
L wRr=02
1.2
1
0.8
ATLAS pp 255pb™
0.6 60-80% Pb+Pb 1.72nb™ s, =5.02 TeV

o b b e b

L
100 150 200 250 300
p, ,[GeV]

Figure A.7: Subleading jet Rg"‘f (pr,2) distributions as a function of jet pr in Pb+PDb collisions of various
centralities, for R = 0.2,0.3,0.4,0.5 and 0.6 jets.
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Figure A.8: Subleading jet R4 (R)/RY4 (0.2) ratios as a function of jet pr in Ph+Pb collisions of various
centralities.
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Figure A.10: The absolutely normalized zj distributions in 10-20% central Pb+Pb collisions, for
R =0.2,0.3,0.4,0.5 and 0.6 jets and various pr,; bins.
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Figure A.11: The absolutely normalized zj distributions in 20-40% central Pb+Pb collisions, for
R =0.2,0.3,0.4,0.5 and 0.6 jets and various pr,; bins.
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Figure A.12: The absolutely normalized zj distributions in 40-60% central Pb+Pb collisions, for
R =0.2,0.3,0.4,0.5 and 0.6 jets and various pr,; bins.
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Figure A.13: The absolutely normalized zj distributions in 60-80% central Pb+Pb collisions, for
R =0.2,0.3,0.4,0.5 and 0.6 jets and various pr,; bins.
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Figure A.14: The absolutely normalized zj distributions in pp collisions, for R = 0.2,0.3,0.4,0.5 and 0.6 jets

and various pr; bins.
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Figure A.15: The self normalized zj distributions in pp collisions, and PYTHIA 8 and Herwig++7 simulations,
for R = 0.2 jets of various pr ;.
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Figure A.16: The self normalized zj distributions in pp collisions, and PYTHIA 8 and Herwig++7 simulations,
for R = 0.3 jets of various pr ;.
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Figure A.17: The self normalized zj distributions in pp collisions, and PYTHIA 8 and Herwig++7 simulations,
for R = 0.4 jets of various pr ;.
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Figure A.18: The self normalized xj distributions in pp collisions, and PYTHIA 8 and Herwig++7 simulations,
for R = 0.5 jets of various pr ;.
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Figure A.19: The self normalized x; distributions in pp collisions, and PYTHIA 8 and Herwig++7 simulations,
for R = 0.6 jets of various pr ;.
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Figure A.20: The Jaa distributions in 0-10% central Pb+Pb collisions, for R = 0.2,0.3,0.4,0.5 and 0.6 jets

and various pr; bins.
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Figure A.21: The Jaa distributions
and various pr; bins.

ATLAS pp 255pb™ |5, =5.02 Tev
10-20% Pb+Pb 1.72 nb™ +R=04
anti-k, jets 112 < P, < 126 GeV ®R=03

25 #R=02
2
15
n
= S ]
05 L . =
[ ) S P N SN RTINS BPAE
04 05 06 07 08 09 1
XJ
= e =
L] ]
7 ATLAS pp 255pb™ |5, =5.02 Tev
10-20% Pb+Pb 1.72 nb™ R=06
6] antik, jets 158<p, <178GeV o o _ o
5 *«R=04
4 #+R=03
#+R=0.2
3
2 v
"+
—‘—‘ i ]
Lol b b b b el
0 04 05 0.6 0.7 0.8 0.9 1
Xy
$ T T
= 4
4 ATLAS pp 255pb™ |5, =5.02 TeV
10-20% Pb+Pb 1.72 nb™* R=0.6
3.5 antik, jets 224<p <251GeV o o _ (o
3 +R=04
2.5 =R=03
2 - #+R=02
1.5 « X
0.5 & —l—_._:
OHH\HH\HH\HH\HH\HH\HH:
04 05 06 07 08 09 1
XJ
< R A .
-~ 9
8 ATLAS pp 255pb™ |5y =5.02 TeV
10-20% Pb+Pb 1.72 nb™ R=06
7 antik,jets 316<p <398GeV ,p_g5
6 +R=04
5 #R=03
4 #+R=0.2
3
2|
.
OHH\HH\HH PRI BRI PRI B |
. 0.5 . § 0.8 0.9

X,

4 -
3.5 ATLAS pp 255pb™ |5, =502 TeV 3
10-20% Pb+Pb 1.72 nb™ +R=04 7

3 anti-k, jets 126<pm<141GeV #R=03 4
2.5 *R=02
2 3
1.5 —
s E

X% ]

0.5 — ]
[ ) S P PN AV AN BT
04 05 06 07 08 09 1

XJ

T T

6 ATLAS pp 255pb™ |5, =5.02 TeV E
10-20% Pb+Pb 1.72nb” R=06 ]

5| anti-k, jets 17B<pm<2006ev *R=05
2 +R=04 1
®R=03

g - #*R=02
. 1

2 3
L B¢ 2 El

*x mw i ]
xT++—’—\—'— E
—f— @]

Lo e b b b b b0
0 05 06 07 08 1
Xy
e T
ATLAS pp 255pb™ |5, =502 TeV B
10-20% Pb+Pb 1.72 nb™ R=06

anti-k, jets 251<p”<28268\/ *R=05 7
+R=04 ]

#R=03 7

#+R=02 ]

.*H_;_ E

C * ——
o N I A I S S
04 05 06 07 08 09 1

XJ

B B IR o
8 3
7 ATLAS pp 255pb™ |5, =5.02 Tev E
10-20% Pb+Pb 1.72 nb™ R=06 ]

6 anti-k, jets 395<pm<5626ev *R=05 7;
5 +R=04
4 #R=03 7
#+R=02 7

3 3
2 3
“h-!-_‘*—‘—_i_ & 7:
Lol b b b b b0 d
0 04 05 06 07 08 0.9 1
Xy

in 10-20% central Pb+Pb collisions, for R = 0.2,0.3,0.4,0.5 and 0.6 jets

138



ATLAS pp 255pb™ |5, =5.02 Tev
20-40% Pb+Pb 1.72 nb™ +R
anti-k, jets 100 < P, < 112 GeV

R

C *R

=04
=03
=02

s e b b b by
0054 05

06 07 08

[N

X

s R e o e o
) 3
ATLAS pp 255pb™ |5, =5.02 Tev ]
L 20-40% Pb+Pb 1.72 nb™ +R=04 ]
4 anti-k jets 141<p <158GeV gp_g3
L «R=02 ]
3 7
L ]
o, =
Fx ™ ]
1 "'—f_,_ » E
r L -
o) S P U BTN IR IR I
04 05 06 07 08 1
Xy
s R R B B S R
» 35
ATLAS pp 255pb™ |5, =5.02 TeV
3 20-40% Pb+Pb 1.72 nb™* R=06
anti-k, jets 200 < P, < 224GeV R=05
25 ' !
+R=04
2 “R=03
15580 #R=02
® ! M v
ey L
0.5
o N A I I S S
0. 05 06 07 08 1
Xy
s LA B B BN
= 35 .
ATLAS pp 255pb™ |5, =5.02 Tev
3 20-40% Pb+Pb 1.72 nb™ R=06
anti-k, jets 282 < p,,<316GeV R=05
25 '
*+R=04
2 *+R=03
15 #*R=02 4
* l _l*E
0.5 =
o) S P U BN IR I I
04 05 06 07 08 0. 1
Xy

Figure A.22: The Jaa distributions
and various pr; bins.
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Figure A.23: The Jaa distributions in 40-60% central Pb-+PDb collisions, for R = 0.2,0.3,0.4,0.5 and 0.6 jets
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Figure A.24: The Jaa distributions in 60-80% central Pb-+PDb collisions, for R = 0.2,0.3,0.4,0.5 and 0.6 jets
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Figure A.25: The Jaa(R)/Jaa(0.2) ratios in 0-10% central Pb+Pb collisions, for R = 0.2,0.3,0.4,0.5 and 0.6
jets and various pr,; bins.
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Figure A.26: The Jaa(R)/Jaa(0.2) ratios in 10-20% central Pb+Pb collisions, for
R =0.2,0.3,0.4,0.5 and 0.6 jets and various pr,; bins.
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Figure A.28: The Jaa(R)/Jaa(0.2) ratios in 40-60% central Pb+Pb collisions, for
R =0.2,0.3,0.4,0.5 and 0.6 jets and various pr,; bins.
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Figure A.30: zj distributions in data compared with the JETSCAPE model, for R = 0.2,0.3,0.4,0.5 and 0.6
jets in 0-10% central Pb+Pb collisions and various pr 1 bins.
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Figure A.31: zj distributions in data compared with the JETSCAPE model, for R = 0.2,0.3,0.4,0.5 and 0.6
jets in pp collisions and various pr,; bins.
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