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Abstract

The quark gluon plasma (QGP) is a novel state of matter that forms under extreme temperature and

density, in which the normally bounded hadronic states of matter “melt” into constituent quarks and gluons.

Understanding the short-distance interactions within the QGP gives us a probe to one of the fundamental

forces of nature, strong force. The QGP can be created in ultra-relativistic heavy ion collisions in collider

facilities such as the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC). By

colliding accelerated beams of heavy ions and measuring the collision products, bulk properties and short-

distance interaction mechanisms of the QGP can be probed. Soft and hard QCD processes both happen in

these collisions, the former giving rise to the QGP, and the latter gives high-momentum partons that traverse

through and interact with the QGP. It has been observed that the QGP exhibit collective expansion, and

significant anisotropies exist in the particle production along the azimuthal direction. In lower momentum

particles, studies of this anisotropy lead to the understanding of the transport properties of the QGP, which

explain how the initial geometry of the QGP is converted into the final-state particles. In higher momentum

particles, this anisotropy reflects the parton energy loss mechanism to the QGP. 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. Therefore, the study of

azimuthal anisotropies in the high-momentum sector is powerful probe for the short-distance interactions

within the QGP.

This thesis presents a measurement of azimuthal anisotropy coefficients v2 and v3 of charged particles

produced in Pb+Pb collisions at
√
sNN = 5.02 TeV using a data set corresponding to an integrated luminosity

of 435 µb−1 collected with the ATLAS detector at the LHC in 2018. The values of v2 and v3 are measured in

intervals of centrality covering up to the 60% most central events and a charged-particle transverse momentum

(pT) range of 1–400 GeV using the scalar product and multi-particle cumulant methods. These methods are

sensitive to event-by-event fluctuations and non-flow effects in the measurements of azimuthal anisotropies.

Positive values of v2 are observed up to 100 GeV from both methods across all centrality intervals. Positive
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values of v3 are observed up to approximately 25 GeV using the scalar product method, and the values of v3

for pT > 10 GeV using the multi-particle cumulant method show a strong centrality dependence. At high pT,

charged particles dominantly come from the fragmentation of jets, and the results of this study are sensitive

to the path-length dependence of the energy loss of the jets as they traverse the quark-gluon plasma produced

in Pb+Pb collisions.
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Chapter 1

Introduction

1.1 Quantum Chromodynamics

The Standard Model [1] of particle physics is a theory that describe how elementary particles of matter are

classified and interact through electromagnetic, weak and strong forces. Shown in Figure 1.1 are the known

elementary particles, classified into fermionic quarks, leptons, and force carrying bosons. The development

of this theory has been fueled the discovery of large species of particles in experimental particle physics.

These observed particles, known as the hadrons, were too numerous to be fundamental. Thus theories were

proposed to explain the hadrons with hypothetical constituent particles, the fermionic quarks and the force

carriers that bound them together, the bosonic gluons. Quarks and gluons are collectively referred to as

partons, and they interact via the strong interaction. In order to verify the existence of hadron inner structure,

leptons such as electrons were shooted toward hadron target, such as protons, to produce deep inelastic

scatterings (DIS), during which the target hadrons absorb enough kinetic energy to be ”shattered” and emit

new particles. A schematic view of DIS is shown in Figure 1.2 With DIS experiments, the Stanford Linear

Accelerator Center (SLAC) in the US was the first to reveal that protons have an inner structure in 1968.

The scattering patterns were identified as being caused by point-like particles inside the protons [2–4]. Later,

the first evidence of gluons were found in 1976 in the e+e− collisions at the PETRA collider at DESY, in

which gluon bremsstrahlung produced 3-jet events1 (e+e− → qq̄g) [5–7].

The strong interactions of quarks and gluons are described by laws of Quantum Chromodynamics (QCD),

a non-abelian gauge theory with symmetry group SU(3) in the standard model [10–12]. In QCD, three kinds

of charges can be carried by the strongly interacting partons, and these three charges are referred to as

“color charge”, by a loose analog of the three primary colors, red, green and blue. Different from the electric

charges in Quantum Electrodynamics (QED), color charge is also carried by the force carrier gluons, allowing

for self-interactions of gluons. Shown in Figure 1.3 are the possible vertices in a strong interaction. When

strongly interacting quarks are moved away from each other in distance, more and more virtual gluons would

1Experimentally, a particular collision will trigger the detectors to record a snapshot of particle production corresponding to
this collision, known as an event.
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Figure 1.1: The elementary particles of the standard model, taken from Ref. [8]

Figure 1.2: Schematic view of deep inelastic scattering of an electron hitting a proton, taken from Ref. [9].

Figure 1.3: Possible vertices of QCD interactions between quarks and gluons. Figure is taken from Ref. [13].
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Figure 1.4: The running coupling constant αs as a function of the momentum transfer Q and experimental
measurements. Figure is taken from Ref. [14]

flit in between, increasing the strong force between these quarks, while less gluons are exchanged between

quarks when they are closer together, yielding a weaker strong force. This behavior of strong force is opposite

to that of QED, giving rise to two properties of QCD: asymptotic freedom and color confinement.

1.1.1 Asymptotic freedom

The DIS experiments at SLAC not only revealed the existence of quarks as point-like constituents of protons,

but also that these quarks within the protons transfer momentum and energy like a free particle when

the proton was struck by high-momentum electron. This is the QCD phenomena known as ”asymptotic

freedom” [10–12]. As the strong force between quarks becomes asymptotically weaker at decreasing distance

or increasing energy, quarks act almost freely at short distance or large energy scale, for example, within

a hadron. At long distance or low energy, the strong force increases. The coupling constant αs in a QCD

scattering process depends on the amount of momentum transferred Q, a feature known as the running

coupling, as shown in Figure 1.4. QCD processes involving large momentum transfers are referred to as hard

processes, while those with low Q as soft processes. As a result of the changing αs, different formalism are

required to describe hard and soft QCD processes.
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Figure 1.5: Demonstration of a new quark-antiquark pair creation as two quarks are separated from each
other, taken from Ref. [16]

1.1.2 Color confinement

The QCD coupling becomes increasingly large at longer distance that at sufficient distance, it is energetically

favorable to produce a new quark–antiquark pair instead of maintaining the gluon field between the two

original quarks [15] . Therefore under normal conditions, removing a quark from its hadron will creates a

new quark-antiquark pair to form hadrons with the remaining quarks and the removed quark. This process

is demonstrated in Figure 1.5. This is known as the color confinement, as natural combinations of partons

are always maintained in the color neutral bound states of hadrons.

1.2 Quark Gluon Plasma

Under normal conditions, partons in an nucleus are color confined within their hadrons. However, under

extreme temperature and particle density the composite states of hardons dissolve into their constituents

patrons [17]. This novel state of matter is called the quark gluon plasma (QGP) [18]. Figure 1.6 shows a

theoretical model of phase diagram for nuclear matters and where the QGP state is located. Studying the

QGP is interesting for a number of reasons. Understanding the interactions within the QGP unveils the

short-distance mechanism of the strong force between color-charged partons. Furthermore, in the Big Bang

theory of universe evolution, the QGP fills the early universe before approximately 10µs after the Big Bang

[19], and therefore the study of the QGP will facilitate our understanding on how early universe expands,

cools and further evolves, especially on how hadronic states of matters form.

The temperature and energy density requirements to form the QGP are met in the ultra-relativistic heavy

ion collisions [17] at facilities such as the Relativistic Heavy Ion Collider (RHIC) at Brookehaven National

Lab [21–24] and the Large Hadron Collider (LHC) at CERN [25], where evidences of QGP production have

been found in the early 2000s.

Figure 1.7 shows a diagram of the space-time evolution of heavy ion collisions [26]. Starting with the

nuclear impact, constituent partons those originally move along beam direction scatter off each other and

randomize their directions. The initial stage of the collision right after τ = 0 is dominated by hard QCD
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Figure 1.6: The phase diagram of nuclear matter in temperature T and baryon chemical potential µ plane.
The n∗ indicates the neutron star. Figure is taken from Ref. [20].

processes. With large amount of momentum transferred, these processes are hence the fastest due to the

uncertainty principle. Hard processes are rare in comparison to lower energy, soft processes. These scattered

partons interact with each other, and eventually thermalize into the QGP within approximately ∼1 fm/c

[17]. The QGP matter then expands, forming large pressure gradients inside of the matter. As the medium

continues to expand and decrease energy density, eventually quarks and gluons begin to hadronize back

into bounded states. These hadrons continue to interact with each other, re-scattering and decaying. The

final state particles are collected by the particle detectors. The production and evolution of the QGP takes

place in an extremely short time-scale and the studying of interactions within the QGP can carried out only

through analyzing these final state particles.

1.2.1 Coordinate system

In particle collider experiments, beams travel and collide in circular piles. A right-handed coordinate system

is used with its origin at the nominal interaction point (IP) located in the center of the detector, and the

z-axis along the beam pipe. The x-axis points from the IP to the center of the accelerator ring, and the

y-axis points upward. The transverse direction is defined along the plane transverse to the beam direction,

extended by the x-y axes. Quantities measured along direction of this plane are typically denoted subscript T .
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Figure 1.7: (left) Space-time diagram for a heavy ion collision. The color indicates the temperature of the
QGP formation. Figure is taken from Ref. [26].

Cylindrical coordinates (r, ϕ) are used in the transverse plane, ϕ being the azimuthal angle around the z-axis.

The rapidity is defined as y = 1
2 ln[(E + pz)/(E − pz)] where E and pz are the energy and z-component of

the momentum along the beam direction respectively. The pseudorapidity is defined in terms of the polar

angle θ as η = − ln tan(θ/2), and is an approximation of rapidity when particle mass becomes negligible in

relativisitic speed. Transverse momentum and transverse energy are defined as pT = p sin θ and ET = E sin θ,

respectively. The angular distance between two objects with relative differences ∆η in pseudorapidity and

∆ϕ in azimuth is given by
√

(∆η)2 + (∆ϕ)2.

1.2.2 Centrality

Before the nuclear impact, two nuclei are Lorentz contracted along the beam direction and moving toward

each other in the lab frame. The impact parameter, b, of the nuclear impact measures the distance between

centers of the colliding nuclei at the point of closest approach. A more central collision expects more nucleon

interactions and a larger amount of QGP produced. The overlap, thus geometry of the QGP produced also

depends on centrality of a collision.

However, the impact parameter cannot be experimentally measured, and heavy ion collisions are categorized

based observables correlated with the impact parameter, such as total transverse energy, charged particle

multiplicity, and number of neutrons that did not participate in the collision. These quantities can be related

to collision geometry through nuclei collision simulations such as Glauber model simulations [27]. In this
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simulation, the colliding nuclei are modeled with a nucleon density profile given by a Fermi-Dirac Distribution.

An important parameter for this simulation is the nuclear thickness function TAB, which describes the

effective overlap area of the incoming nuclei where nucleons can interact, and can be calculated as,

TAB(b) =

∫
TA(s)TB(s− b)d2s. (1.1)

For each collision, the number of participants, defined as nucleons that participate in at least one inelastic

Figure 1.8: A Glauber Monte Carlo event for Au + Au at
√
s
NN

= 200 GeV with impact parameter of
6 fm/c, seen from (left) transverse plane and (right) along the beam axis. Darker colored circles represent the
participant nucleons while lighter colors spectators. Figure is taken from Ref. [27].

nucleon-nucleon collision, and the number of spectators, defined as nucleons that pass through the collisions

unaffected, are counted. The number of participants, Npart, helps categorizing the collisions into central

collisions, in which the two nuclei collide “head-on”, or peripheral, when the two nuclei almost “pass-by”

each other. Figure 1.8 shows a Glauber model simulated Monte Carlo event with nucleon positions shown, in

transverse plane and along the beam axis.

Centralities are frequently expressed in percentiles, as shown in the example of Figure 1.9, in which the

categorization is based on the total transverse energy measured in each collision. The centrality percentiles

start from the most “head-on” collisions. For example, the 0-10% most central collisions are events with the

top 10% highest amount of transverse energies measured.

1.2.3 Initial geometry

Figure 1.10 shows a demonstration of the collision geometry in the transverse plane. The initial geometry

of the overlapped nuclear matters can be described by a series of harmonic eccentricity coefficients ϵn and
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Figure 1.10: Carton of a a heavy ion collision for before and after the collision. Figure is taken from Ref. [29].
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associated angles Φn in the transverse plane:

ϵne
inΦn ≡ −

∫
dr dϕ rneinϕe(r, ϕ)∫
dr dϕ rne(r, ϕ)

(n > 1), (1.2)

where e(r, ϕ) is the initial energy density distribution in the transverse plane, and is bigger where the volume

is smaller. Different orders of eccentricities ϵn and the associated angle Φn are shown in Figure 1.11.

The expected initial geometry of two overlapping heavy ions is, for the most part, elliptical, which gives

a non-zero ϵ2. A key insight in understanding the source of higher-order eccentricities, ϵn where n > 2, is

the role of fluctuations [30]. It can be shown by Monte Carlo simulation that, the participant nucleons are

not always within the elliptical overlap of the two colliding nuclei. Instead, their positions fluctuate for each

collision. Figure 1.12 shows a simulation of nucleon positions in a heavy ion collision, and the nucleons in the

two nuclei are shown in gray and black, respectively. Participant nucleons are indicated as solid circles, while

spectators are dotted. This particular collision has created an approximately triangular geometry, giving a

non-zero ϵ3. These fluctuations from collision to collision are referred to as event-by-event fluctuations.

1.2.4 Azimuthal anisotropies

Figure 1.13 shows a demonstration of the QGP expansion. Due to the initial geometry of the QGP, the

pressure gradient created during the QGP expansion is expected to be anisotropic. For an approximately

elliptical geometry, the minor axis, defined by Φ2, is shorter and thus more dense in comparison to the major

axis. Similarly for higher-order ϵn, higher pressure gradients form along the shorter axes of the n-th order

eccentricity. These pressure gradients are then converted into momentum anisotropies of the final-state

particle productions, causing the particle production preferential in the direction along Φn. The angular

modulation of final-state particles along azimuthal direction can be characterized by a Fourier decomposition

[31],

dN

dϕ
=

N

2π

(
1 + 2

∞∑
n=1

vncos(n(ϕ−Ψn))

)
, (1.3)

where dN/dϕ is the number of particles detected at azimuthal angle ϕ, vn is the nth order Fourier coefficient

and Ψn is the so-called nth order event plane angle, which measures orientation of the nth order symmetry in

the final state particles. The event plane angle Ψn is an experimental estimation of the eccentricity axis Φn,

and the former are sensitive to additional fluctuations in the expansion process as well as detector defects.

Different features of the initial geometry give rise to different orders of vn. Magnitudes of v1 describe the

global side-ward shift of all particles. On average, the expected geometry of the nuclei overlap is elliptical,

and this gives rise to a significant v2. Non-zero vn where n > 2 arise from the fluctuations in initial geometry
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which gives higher-order eccentricities in the QGP.

1.2.5 Transport properties of the QGP

The discovery of significant v2 [21–24] serve as important evidence that the QGP is a strongly interacting

medium which transferred features of the initial geometry to final-state particles. The bulk properties of the

QGP can be well described as a relativistic fluid undergoing collective, hydrodynamic flow [32]. Therefore,

the measurements of vn in the soft sector are referred to as flow harmonics [29, 33], and this evolution can

be well described by hydrodynamic models [31].

In 2001, for the first time, experimental data from the Au+Au collisions at RHIC agreed with predictions

using ideal fluid hydrodynamics [34]. However this ideal fluid model diverges from data at larger impact

parameters. It was later proposed that the transition to later hadronic stage needs a microscopic modeling,

and a small but non-zero viscosity is required for the QGP, motivating for a series of “hybrid models” those

combines pre-QGP, post-QGP treatments with viscous hydrodynamics [35].

Important transport properties of the QGP, such as the specific shear and bulk viscosities which are

defined as the ratios of shear and bulk viscosities to entropy dentity and denoted by η/s and ζ/s, respectively,

can be extracted by matching model calculations with measurements of flow harmonics. In an ideal fluid,

η/s and ζ/s are both zero. Recent predictions of vn with viscous hydrodynamics has been successful in

the soft sector [36–39], using a η/s near the theoretical lower bound of 1/4π [40, 41], making the QGP an

nearly ideal fluid with one of the smallest η/s found in nature. The importance of specific bulk viscosity

ζ/s and its interplay with η/s in collective expansion was also studied [42–45] and incorporated into current

hydrodynamic models. While η/s reduces collectivity in the expansion and attenuates the flow harmonics,

ζ/s can decrease this attenuation by η/s and enhance the flow harmonics [37]. Figure 1.14 shows the viscous

hydrodynamics model calculations utilized a fixed set of parameters determined in the
√
sNN = 200 GeV

Au+Au collisions, and achieved overall good agreement with both RHIC and LHC measurements of vn
2.

However, significant uncertainties remain in these estimations of parameters for the following reasons.

Hydrodynamic models require an initial condition profile for the QGP, and depending on the choice of

this profile, different transport properties will be estimated. Furthermore, by using this model-by-model

testing and fitting, constraints from one set of experimental observables might contradict with another set

of experimental inputs. Figure 1.15 shows the predictions of event multiplicity, mean pT, denoted as ⟨pT⟩,

for identified particles, and vn compared with experimental measurements. Values of ⟨pT⟩ is very sensitive

to the bulk viscosity and provides important constraints on the extraction of the latter [39, 46]. It can be

2The specific measurements of vn shown, denoted the notion vn{2}, is known as a two-particle cumulant vn. Details of
different methods for measuring vn is discussed in Section 3.2.
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observed that very different values of shear and bulk viscosities are needed to give good predictions for ⟨pT⟩

versus for vn. Therefore, in recent years, the more flexible phenomenological model TRENTo [47–53] allows

for simultaneous estimation of both initial condition parameters and the QGP transport properties, as well

as fitting over a variety of experimental variable, which significantly reduced the uncertainties on the bulk

property estimations. Figure 1.16 shows a model calculation using the best-fit parameters from the Bayesian

analysis in comparison to the experimental measurements [52].
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geometry of the heavy ion collisions, with different orders of eccentricity ϵn and associated angle Φn.
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Figure 1.12: (left) Simulated nucleon positions and triangular geometry from a particular collision. Figure is
taken from Ref. [30].
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Figure 1.13: Cartoon of the initial geometry of the nuclei overlap (left) and expanded QGP (right).
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Figure 1.14: Comparison of predictions of low-pT vn with viscous hydrodynamics models and measurements
from (a) RHIC and (b) LHC. Figure is taken from Ref. [39].
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Figure 1.15: Predictions for (a) event multiplicity, (b) average pT for identified particles, and (c) inclusive
vn compared with data. Solid and dashed lines are predictions made using different specific shear viscosity
values as shown in legend, and points are from measurements by the ALICE collaboration [54, 55]. Figure is
taken from Ref. [46].

Figure 1.16: Model calculations for multiplicity, vn, ⟨pT⟩ and δ⟨pT⟩ fluctuations based on best-fit parameters
from Bayesian analysis. Figure is taken from Ref. [52].
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1.3 Hard probes

The momentum of final-state particles measured in the transverse plane, denoted as pT, is dependent on the

momentum transfer Q during the initial QCD processes, and categorize the measured particles into soft and

hard probes, corresponding to the soft and hard QCD processes, respectively. The soft probes represent the

majority of measured particles, and come directly from hadronization of the QGP matter. The measurements

of soft probes focus on the description of QGP bulk properties, like explained in Section 1.2, using observables

such as flow harmonics vn. On the other hand, the hard probes are higher-pT particles generated by the

hard processes that precede the formation of the QGP. These highly energetic partons experience the full

evolution of the QGP while traversing through and interacting with the latter, before hadronizing into final

state hadrons. Therefore, the short-distance interactions within the QGP can be probed by studying the

modifications on these high-pT products. A schematic view of soft-hard interactions with the heavy ion

collision stages is shown in Figure 1.17.

1.3.1 Jets

In the much rarer hard scattering during nucleon-nucleon collision, pairs of back-to-back travelling partons

with large transverse momentum (pT ) are produced. As a result of the running coupling in strong interaction,

increasing amount of energy is needed to dissociate partons as they move away from the interaction vertex,

until it becomes more favorable to produce new partons (quark-antiquark pair). Therefore, the highly

energetic partons from hard scatterings continue to create new partons, which eventually hadronize and form

highly collimated cones of particles known as jets [56]. A dijet is formed when a pair of outward partons are

produced from a hard scattering. Figure 1.18 shows an event display of an approximately back-to-back dijet

Figure 1.17: Schematic view of soft-hard interactions during different stages of the heavy ion collisions.

15



Figure 1.18: A display of the highest-mass dijet event measured in ATLAS in a pp collision at
√
s
NN

=13 TeV
from 2015. Orange lines indicate reconstructed particle trajectories while the colored blocks show energy
deposits in the ATLAS calorimeters. Figure is taken from Ref. [57].

measured in the ATLAS detector.

In experiments, jets are reconstructed with jet algorithms, which cluster measured objects based on their

spatial proximity and momentum. The anti-kt algorithm [58] is currently the most widely used jet algorithm,

which sequentially cluster the objects and start from higher-pT objects. Figure 1.19 shows the clustered jets

using anti-kt algorithm. Kinematics of a jet in experiment is measured by summing over particles within the

constructed jet cone.

1.3.2 Jets in vacuum

In absence of a medium effect, for example, in pp collisions, the production of high-pT hadrons from hard

scattering is well described in the formalism of perturbative QCD (pQCD). From the initial hadronic collision

to parton scattering and jet production, these processes can be factorized into the parton distribution
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Figure 1.19: Jet cones clustered using anti-kt algorithm. This simulation samples parton-level events
(generated with Herwig [59]), together with many random simulated soft particle production. Figure is taken
from Ref. [58].

functions (PDFs), scattering cross sections, and final state fragmentation functions (FFs) as follow [60]:

dσpp→hX ≈
∑
abjd

∫
dxa

∫
dxb

∫
dzjfa/p(xa, µf )

⊗ fb/p(xb, µf )

⊗ dσab→jd(µf , µF , µR)

⊗Dj→h(zj , µF ),

(1.4)

where xa and xb are the initial momentum fractions of momentum carried by interacting partons in their

respective incoming protons. Similarly, zj is the momentum fraction carried by the final state hadron with

respect to the total jet momentum. The PDFs of the interacting partons are given by fa/p(xa, µf ) and

fb/p(xb, µf ), where µf is the factorization scale. The cross section for the parton scattering is given by

dσab→jd(µf , µF , µR), where µF is the fragmentation scale and µR is the renormalization scale. The scales

are usually given by the scale of the hadron pT or the momentum transfer Q. Finally, Dj→h(zj , µF ) is

the fragmentation function (FF) from parton j to hadron h, which describes the probability of a hadron h

with given kinematics fragments from the jet. The partonic hard scattering cross section can be calculated

perturbatively, while PDFs and FFs are obtained experimentally, and shown to be universal across e±
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Figure 1.20: The next to leading order (NLO) PDFs of nucleons at (left) Q2 = 10GeV2 and (right)
Q2 = 104GeV2. The band shows range of 1σ uncertainty. Figure is taken from Ref. [61].

collisions, deep inelastic scattering, and pp collisions. Figure 1.20 shows the next to leading order PDFs at

different momentum transfer (Q2) determined from DIS experiments, and Figure 1.21 shows a list of of FFs

at different collision energies from e+e− collisions.

Jet production in pp collisions at the LHC is well predicted by the pQCD calculations. The jet cross-

sections at collision center of mass energy
√
s = 2.76, 7, 8 and 13 TeV have been measured [62–65]. Figure

1.22 are the measured jet cross sections compared to NLO calculations from ATLAS [62] and CMS [65] at

√
s = 13 TeV, where measured jet production agrees with theory within uncertainty. Similarly, a comparison

of hadron spectra with Monte Carlo simulations is shown in Figure 1.23.

1.3.3 Jets in heavy ion collisions

In heavy ion collisions, jet production and fragmentation differs from those in pp from both different initial

state conditions, known as cold nuclear effects, and interactions with the QGP, known as hot nuclear effects.

A free nucleon can differ in structure from those bounded in a nuclei, and a bounded nucleon within a

nuclei also experience additional interactions before the hard scattering [69, 70]. Cold nuclear effects can

be experimentally measured in p+Pb collisions, where the QGP effects are expected to be small. LHC

measurements in such systems have estimated the cold nuclear effects to be small [71–73].

Hot nuclear effects come from the strong interactions of hard scattered partons with constituents of the
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Figure 1.21: Cross section for e± collisions for all charged hadrons (a) for different collision energies
√
s as a

function of the fraction x and (b) for various ranges of x as a function of
√
s. Figure is taken from Ref. [14].

QGP. Such interactions cause energy loss in the scattered partons, while the QGP is also modified from this

energy dump. This phenomenon is known as jet quenching [60]. The hard scattered parton loses energy to

the QGP from elastic and inelastic collisions with the constituent partons of the QGP. The energy loss from

2 → 2 elastic collisions is referred to as collisional energy loss. Additional gluon radiations may be induced

from multiple scatterings with the constituent partons, and this energy loss from the initial parton is known

as radiative energy loss [74]. These two processes are shown in Figure 1.24.

The hard-soft interaction affects both the production and fragmentation of jets [75–77]. Therefore, the

hadron production cross section for a heavy ion collision can be described by a modified version of Equation 1.4

dσAB→hX ≈
∑

abjj′d

∫
dxa

∫
dxb

∫
dzjf

′
a/A(xa, µf )⊗ f ′

b/B(xb, µf )⊗ dσab→jd(µf , µF , µR)

⊗ Pj→j′ ⊗Dj′→h(z
′
j , µF )

(1.5)

where the PDFs are now for modified to describe nuclei and an additional interaction term Pj→j′ is included

to account for the parton energy loss.

QGP modified hard-scattered parton products serve as “microscopes” for characterizing the QGP from

a tomographical point of view [78]. By comparing jets in heavy ion collisions with jets in vacuum, we can

understand how jets are modified by the QGP, and therefore gain insights on the collisional and radiative
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(a)

(b)

Figure 1.22: (a) Comparison of NLO pQCD model calculation NLOJET++ [66] to jet production measure-
ments with different rapidity |y| range by ATLAS [64] and CMS [65].
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Figure 1.23: Comparison of Monte Carlo simulations to charged hadron spectra measurements by CMS [67]
and ALICE [68].

Figure 1.24: Diagrams for (left) collisional and (right) radiative energy losses of a hard scattered parton
traversing through the QGP. Figure is taken from Ref. [74].
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energy loss processes within the QGP. Therefore, jets serve as an excellent probe for the short-distance strong

interactions within the QGP. The parton energy loss affects not only the yields but also fragmentation of

jets, which will show up in high-pT charged hadron production. Measurements on jets and high-pT charged

hadrons production complement each other in giving a full picture for the parton energy loss and the jet

fragmentation [79]. In the following subsection we will give two examples of experimental measurements,

RAA and high-pT vn, that are sensitive to the parton energy loss.

1.3.4 RAA

The nuclear modification factor RAA is defined as the ratio of the cross section in a collision in comparison

to pp collisions after proper scaling by the expected number of nucleon-nucleon collisions, defined as,

RAA =

1
Nevt

d2Njet/h±

dpT dy

∣∣
cent

⟨TAA⟩
d2σjet/h±

dpT dy

∣∣
pp

, (1.6)

where the jet or charged hadron yields are obtained as a function of its respective transverse momentum

pT and rapidity y. Total yields are averaged over the number of events Nevt. The scaling between proton

and nuclei is done by using ⟨TAA⟩, defined as is the average number of nucleon-nucleon collisions divided by

the total inelastic nucleon-nucleon cross section, which is obtained using Monte Carlo simulation with the

Glauber Model [27].

Figure 1.25 shows the jet RAA [77] and charged hadron RAA [79] as a function of its respective transverse

momentum for various collision centralities measured by the ATLAS experiment. RAA shown is smaller than

1, indicating jet production is “quenched” in heavy-ion collisions in comparison to pp. A clear dependence on

the centrality is observed in both measurements, where more central collisions experience greater extent of

production suppression, suggesting a correlation between the parton energy loss and the amount of QGP

produced. Additionally, the energy loss and jet quenching decreases, shown by the increased RAA, with the

transverse momentum. Similar measurements have also been done by other detectors at the LHC, and these

measurements are overall in good agreement with each other [65, 80–82].
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(a)

(b)

Figure 1.25: The nuclear modification factor RAA as a function of transverse momentum pT , for various
collision centralities at

√
sNN = 5.02 TeV for (a) jets [77] and (b) charged hadrons [79], measured by ATLAS.
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1.3.5 High-pT vn

As discussed in Section 1.2.4, the initial geometry of the QGP in a heavy ion collision gives rise to an

azimuthal anisotropy in the final state charged hadron production. And this anisotropy can be measured by

the fourier coefficient vn as defined in Equation 1.3. A similar angular modulation in the azimuthal direction

can also be found in high-pT sector, due to differential energy loss as a result of the QGP geometry.

Figure 1.26: Path-length dependence of jet with its angle of ejection with respect to the second order event
plane.

The distance in the QGP travelled by a hard-scattered parton is dependent on the angle of ejection

relative to event planes of the initial geometry. Therefore, the amount of interaction and energy loss to

the QGP is also expected to depend on this angle, as shown in Figure 1.26. This creates anisotropies in

high-pT sector corresponding to the initial geometry which gives rise to the soft sector vn. Besides the initial

geometry, azimuthal anisotropies in jets are also sensitive to the parton energy loss mechanism, especially the

path-length dependence of energy loss, and jet fragmentation also plays a role in high pT charged hadrons vn

[83, 84]. The vn measurements in high-pT and their correlations with the soft sector can provide a great

probe to the understanding of soft-hard correlations and path-length dependence of the parton energy loss.

Figure 1.27 shows measurements at the LHC using jets and high-pT charged particles as a function of

pT. Both jets and charged hadrons have shown a positive v2, confirming the path-length dependence of the

parton energy loss to the initial state geometry. It can be seen that different pT dependence is observed in

jet v2 and charged particle v2, due to the additional fluctuations from jet fragmentation. Figure 1.28 shows

the measurements of high-pT v3, which are positive values in mid-central events for charged particle with

20 < pT < 50 GeV and for jet with pT < 100 GeV. Positive v3 in these hard probes suggest that the parton

energy loss is sensitive to the event-by-event fluctuations in the initial geometry.
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Chapter 2

The LHC and ATLAS

2.1 The Large Hadron Collider at CERN

The Large Hadron Collider (LHC) [89, 90] located at the European Organization for Nuclear Research

(CERN) is a the world’s largest particle accelerator and collider. The LHC has two parallel beam piles, each

has a circumference of ∼27 km, buried between 50 and 175m underground of France and Switzerland. A

schematic view of the CERN accelerator complex and the various facilities associated is shown in Figure 2.1.

Particle beams travelling in the the beam piles meet at four interaction points, where the four main LHC

detectors are located: A Toroidal LHC Apparatus (ATLAS) [91], Compact Muon Solenoid (CMS) [92], A

Large Ion Collider Experiment (ALICE) [93], and Large Hadron Collider - Beauty (LHCb) [94].

The two LHC beam piles encompass particle beams that travel in opposite directions. Studies on

elementary particles and search for new physics is enabled by particle collisions at the LHC. The LHC has the

capacity to collide a variety of particles, most commonly protons, referred to as pp collisions. Fully stripped

ions, such as those of lead and xenon, were also collided in the LHC. In the LHC Run 2, heavy ion dataset

has been taken for Pb+Pb at a center of mass energy of 5.02TeV, for Xe+Xe at 5.44 TeV, and for p+ Pb

at 5.02 and 8 TeV. The LHC Run 3 has also scheduled data taking for oxygen ion collisions [96].

For the ATLAS and CMS interaction points, the proton beams are delivered in bunches with a nominal

luminosity of 1034 cm−2s−1 particles with a distance, referred to as bunch spacing, of 25 ns, with a center

of mass energy, denoted by
√
s, of up to 14 TeV. The lead beams are delivered in bunches with a peak

luminosity of 1027 cm−2s−1 particles that collide every 75 or 100 ns with a per-nucleon-pair center of mass

energy, denoted by
√
sNN , of up to 5.5 TeV. Collisions at the interaction point meeting certain requirements

will trigger the detector to record a snapshot of particle production, giving the read out of an event. A

schematic view of relative beam sizes is shown in Figure 2.2
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Figure 2.1: Schematic view of the CERN accelerator complex. Figure from [95].

2.2 The ATLAS detector at the LHC

The ATLAS detector [91] is a large general purpose detector located at Interaction Point 1 of the LHC. The

ATLAS detector consists of several layers of subdetectors arranged in an overall cylindrical geometry around

the beam line with full azimuthal coverage, as shown in Figure 2.3. Starting from the innermost locates an

inner detector, calorimeter, and muon spectrometer, surrounded by a superconducting solenoid magnet that

produces a 2T magnetic field for the inner detector and a superconducting toroid magnet for the mnuon

spectrometer. The ATLAS calorimeter is subdivided into barrel and end caps, corresponding to the central

modules which are concentric along the beam direction and two end calorimeters that are perpendicular to

the beam direction. Figure 2.3 shows a diagram of the ATLAS detector [98].
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Figure 2.2: Bunch crossing of two incoming beams at the LHC around Interaction Point 1 (ATLAS). Figure
is taken from Ref. [97].

2.2.1 Inner detector

The inner detector (ID) [99–101] is designed to accurately reconstruct charged particle trajectories, referred to

as tracks, from the collisions for particle with a momentum down to 0.5GeV and covers a wide pseudorapidity

range of |η| < 2.5. It is immersed in a superconducting solenoid that provides a 2 T magnetic field, used to

bend the charged particles, and covers a region of 5.3m long and has a diameter of 2.5m.

The ID detector is composed of three subsystem, from inner to outer, the pixel detector, the semi-conductor

tracker, and the transition radiation tracker. The high-granularity silicon pixel detector covers the vertex

region, and consists of the innermost insertable B layer (IBL) made of 14 carbon fiber staves [102] and three

silicon pixel detectors. The hit resolution in the barrel region are 8µm2 (R-ϕ) and 40µm2(z) for the IBL,

and 10µm2 (R-ϕ) and 115µm2(z) for the silicon pixel layers [103]. It is followed by the silicon microstrip

tracker which usually provides four two-dimensional measurement points per track. These silicon detectors

are complemented by the transition radiation tracker, which enables radially extended track reconstruction

up to |η| = 2.0. The transition radiation tracker (TRT) also provides electron identification information

based on the fraction of hits (typically 30 in total) above a higher energy deposit threshold corresponding to

transition radiation.

Charged particle trajectories are used to calculated particle momenta as well as to fit the nuclei interaction
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Figure 2.3: The ATLAS detector components. Figure from [98].

point, or primary vertex (PV) [104], in each event. Only one PV is considered in each event. The emitting

direction of each track is written in terms of (η, ϕ). Their longitudinal and transverse impact parameters

z0sinθ and d0 are also calculated with respect to the primary vertex to help determining whether they come

from primary interactions or secondary decays.

2.2.2 Calorimeter system

The calorimeter system of the ATLAS detector measures energy deposit made by particles as they meet and

lose their energy to the detectors [106]. The calorimeter system covers the pseudorapidity range |η| < 4.9.

Within the region |η| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity

lead/liquid-argon (LAr) electromagnetic calorimeters, with an additional thin LAr presampler covering

|η| < 1.8 to correct for energy loss in material upstream of the calorimeters. The hadronic calorimeters have

three sampling layers longitudinal in shower depth in |η| < 1.7 and four sampling layers in 1.5 < |η| < 3.2,

with a slight overlap in η. The solid angle coverage is completed with forward copper/LAr and tungsten/LAr

calorimeter modules (FCal) optimized for electromagnetic and hadronic measurements respectively. The

FCals cover a pseudorapidity range of 3.2 < |η| < 4.9.

Used to measure the energy of particles coming from the collisions within a pseudorapidity of |η| < 4.9 [106].
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Figure 2.4: Schematic view of the Inner Detector. Figure taken from [105].

The system consists mainly of hadronic, electromagnetic, and forward calorimeters. The ATLAS calorimeter

system is a sampling calorimeter composed of an active material, generally a scintillator, that the incoming

particles ionize and produce light or charge and a high density absorber medium in which the particles lose

most of their energy. Figure 2.5 shows an schematic view of the calorimeter system, and Figure 2.6 shows the

pseudorapidity coverages for different components of the ATLAS calorimeter.

Electromagnetic calorimeter The liquid argon Electromagnetic calorimeter (LAr EMCal) consists of

alternating layers of liquid argon as the active material and lead plates as the absorber. The barrel EMCal

covers |η| < 1.475 while the end caps covers 1.375 < |η| < 3.2. The LAr EMCal is used to measure the energy

of electrons, positron, and photons [108].

Hadronic calorimeter The Hadronic calorimeter consists of the tile, LAr Hadronic end cap, and the

LAr forward calorimeter. The tile calorimeter uses steel as the absorber and scintillating tiles for the active

material. The tile covers the region |η| < 1.0, with its two barrels covering the range 0.8 < |η| < 1.7. They

are used to measure the energy of hadrons [109]. The LAr hadronic end cap calorimeter (HEC) consist of

alternating layers of liquid argon as the active material and copper as the absorber material. It covers a
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Figure 2.5: Schematic view of the calorimeter system. Figure from [107].

pseudorapidity range of 1.5 < |η| < 3.2. On the other hanb, the LAr Forward calorimeter (FCal) uses liquid

argon as the active material, and copper and tunsgsten as the absorber materials. The FCal is covers range

3.2 < |η| < 4.9.

Zero degree calorimeter The zero-degree calorimeters (ZDCs) are located symmetrically at z = ±140 m

and cover |η| > 8.3 during the Pb+Pb data-taking period. The ZDCs use tungsten plates as absorbers and

quartz rods sandwiched between the tungsten plates as the active medium. In Pb+Pb collisions the ZDCs

primarily measure spectator neutrons, which are neutrons that do not interact particleically when the incident

nuclei collide. A ZDC coincidence trigger is implemented by requiring the pulse height from each ZDC to be

above a threshold set to accept the energy of a single neutron.

2.2.3 Muon spectrometer

The muon spectrometer is located outside of the calorimeter system and used to measure the energy and

position of muons which do not stop within the calorimeters [110, 111]. It consists of muon chambers of

various types and toroid magnets, covering |η| < 2.7 [112].
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Figure 2.6: Pseudorapidity coverages for components of the ATLAS calorimeter system.

2.2.4 Trigger system

A two-level trigger system is used to select interesting events [113]. The first-level (L1) trigger is implemented

in hardware electronics and uses a subset of detector information, including ZDC coincidences in Pb+Pb

collisions, to reduce the event rate from 40MHz bunch crossings to a design value of at most 100 kHz. This

is followed by a software-based high-level trigger (HLT) which reduces the event rate to several kHz. An

extensive software suite [114] is used in the reconstruction and analysis of real and simulated data, in detector

operations, and in the trigger and data acquisition systems of the experiment. Then, the HLT further reduces

the rate to approximately 1.2 kHz events, which are recorded.
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Chapter 3

Measurements of azimuthal anisotropy

Experimental measurements of vn are sensitive to a variety of effects, which need to be taken into account

when using or interpreting the measured vn values. This chapter describes three methods of vn measurements,

their sensitivities to some experimental bias and effects, as well as recent measurements using these methods.

3.1 Event plane and scalar product methods

3.1.1 Event plane method

Early vn measurements in the soft sector directly estimate the event plane angle Ψn of each event, and then

measure the angular modulation of particle productions with respect to this angle [22, 115–118]. This method

is referred to as the event plane method [119]. Using orthonogality of trigonometry, it can be easily derived

from Equation 1.3 that,

vn = ⟨cos [n(ϕi −Ψn)]⟩ (3.1)

where angular brackets denote an average over all particles, indexed by i with azimuthal angle ϕi, in an event,

with a particle weight ωi used to correct for detector non-uniformity. The event plane angle Ψn is defined as,

Ψn = arctan(

∑
i ωi sin (nϕi)∑
i ωi cos (nϕi)

)/n (3.2)

The event plane angle Ψn is evaluated over a limited number of particles, and thus has a dispersion from the

real underlying eccentricity angle Φn. This dispersion is referred to as “resolution” of the event plane angle

[120], expressed as,

R ≡ ⟨ein(Ψn−Φn)⟩ (3.3)

Therefore the final expression for vn from event plane method, after the resolution correction, is written as,

vn{EP} = vobsn /R, (3.4)
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where vobsn is evaluated by Equation 3.1. In measurements, event planes and charged particle or jet productions

are measured from different subevents to avoid auto-correlations. Typically event planes are estimated in

regions of larger rapidities, or forward rapidites, and charged particles or jets are measured from more barrel

regions of the detectors [117, 121, 122]. The event plane resolution R of an event can be estimated from data

by using two subevents, denoted here as A and B, of approximately same statistics. An example of such two

subevents are the two ends of the forward calorimeters. The two subevents are assumed to have the same R,

and it can be derived that [119],

⟨ein(Ψ
A
n−ΨB

n )⟩ = ⟨ein(Ψ
A
n−Φn)⟩⟨ein(Ψ

B
n −Φn)⟩ = R2, (3.5)

where ΨA
n and ΨB

n are event plane angles estimated by subevent A and B, respectively. Therefore, in

measurements, R is calculated as
√
⟨cos[n(ΨA

n − ΦB
n )]⟩. For compact notation, we define for a set of N

particles from an event a flow vector [119], evaluated as,

Qn ≡ 1

N

∑
j

einϕj = |Qn|einΨn . (3.6)

The formula of event plane method expressed in this notation can be written as,

vn{EP} =
⟨cos[n(ϕj −Ψ

A|B
n )]⟩

⟨cos[n(ΨA
n − ΦB

n )]⟩
= Re

〈
einϕj QA|B∗

n

|QA|B
n |

〉
〈

QA∗
n

|QA∗
n |

QB
n

|QB
n |

〉 , (3.7)

in which QA
n and QB

n are respectively the flow vectors of subevent A and B, the index j goes over all particles

measured, and Q
A|B
n is obtained using either subevent A or B depending on the position of the particle

used for einϕj , and typically chosen to maximally suppress experimental biases that are unrelated to flow

harmonics.

3.1.2 Scalar-product method

This subsection is based on the discussion presented in Ref. [123] and Ref. [120]. In case the event plane

angle resolution R is constant or has a linear dependence on the mean vn, Equation 3.4 should reproduce the

original mean vn. However, the measurement of event plane angle is on an event-by-event basis. Therefore,

R depends on the relative magnitude of vn to the statistical abundance of soft particles for each event, and

thus also have an underlying distribution due to the non-trivial event-by-event fluctuations in vn itself. Given
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the underlying vn value, the measured vn{EP} with this method has the following expression [123],

vn{EP} =
⟨vnR(vnA)⟩vn√
⟨R(vnA)2⟩vn

, (3.8)

where A indicates the subevent where the event plane angle is evaluated. This subevent is typically separate

from evaluation of vn to exclude self-correlations. For heavy ion collisions, it is assumed that for vn/vnA is

close to 1 and does not have significant event-by-event fluctuations. However, based on this formulation, the

flow-dependent resolution poses a problem for the measurements when vn has event-by-event fluctuations,

meaning the second moment of R(vn) does not equal to square of mean R(vn). It was suggested that,

measurements of vn using the event plane method yields an ambiguous measurements between the mean

value of vn, i.e., ⟨vn⟩, and the square of second moment of vn,
√
vn2. In the limit where resolution is low and

linearly dependent on vn [118], this measurement becomes,

vn{EP}
low res.−−−−−→

√
⟨v2n⟩, (3.9)

where as when the detector is infinitely fine binned and R(vn) ≈ 1,

vn{EP}
high res.−−−−−→ ⟨vn⟩, (3.10)

This motivates the development of the scalar product method, which no longer explicitly calculates the

event-plane angle on a single-event basis, but rather directly correlates two subevents. The formula for scalar

product method vn, denoted as vn{SP}, can be evaluated by directly computing the scalar product between

flow vectors of two subevents without explicitly evaluating for Ψn,

vn{SP} =
⟨QnQ

∗
nA⟩√

⟨QnAQ∗
nB⟩

, (3.11)

where A and B are indicating two symmetric subevents in which the resolution of detector is estimated. It

can be easily derived using Equation 1.3 that,

⟨Qne
−inΦi⟩|vn = vn. (3.12)

By utilizing Equation 3.12, and applying the assumption that no significant fluctuations exist for vn/vnA or
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vn/vnB , we obtain from Equation 3.11,

vn{SP} =
⟨vnvnA⟩|vn√

⟨v2nA⟩|vn
=

√
⟨v2n⟩, (3.13)

which does not depend on detector resolution, thus constituting a more well defined measurement.

3.1.3 Application of the methods
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Figure 3.1: Measurements of vn{SP} for n = 2− 7 as a function of pT in panels of centrality intervals. Figure
is taken from Ref. [122].

Figure 3.1 shows the scalar product measurements of flow harmonics up to v7 by ATLAS at
√
sNN =

5.02 TeV. In all mid-central collisions, the values of vn decreases with n. In these centrality intervals, the

average geometry dominates, and higher orders of geometry harmonics are less pronounced. In central
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collisions, on the other hand, where the average geometry is expected to close to a circle with low ellipticity,

the fluctuation-driven v3 becomes the dominating mode.

Figure 3.2 compares the vn values measured with the EP and SP methods as a function of pT and

Npart. The measurements versus Npart are integrated over pT ranges of 0.5 < pT < 60 GeV. A small

difference between the two methods can be observed, which is most pronounced in v2 for the mid-central

collisions. Values of vn{SP} are slightly larger than values of vn{EP}. If vn has non-trivial fluctuations,

we obtain
√

⟨vn2⟩ > ⟨vn⟩, and this could explain the observed difference in vn{SP} and vn{EP} given

Eqn. 3.9, Eqn. 3.10 and Eqn. 3.13. Although the average ϵn is expected to be the same for events of the same

centrality, every order of ϵn has non-trival fluctuations in its probability distribution due to the event-by-event

fluctuations of the nucleon positions, as explained in Section 1.2.4. This maps into vn, and thus giving

vn{SP} >= vn{EP} depending on the resolution of the event plane estimation.
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Figure 3.2: Comparison of the vn obtained with EP and SP methods as a function of pT in three centrality
intervals. The right bottom panel shows the vn as a function of Npart, integrated over 0.5 < pT < 60 GeV.
Figure is taken from Ref. [122].
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3.2 Multi-particle cumulant method

Both the event plane and scalar product methods are two-particle type correlations, since two subevents, one

for event plane estimation and one for particle production distribution, are correlated. These measurements

yield a vn with the mean and variance of the distribution, but do not give further information on the shape

of the underlying distributions, such as the skewness. These limitations have motivated the measurements of

higher order cumulants vn [88, 124–130], which are a set of variables built from different orders of moments

from the underlying vn distribution [131–134].

3.2.1 Formalism

Values of vn measured using 2k-particle cumulants is denoted as vn{2k}. The proposed formalism [131, 132]

computes genuine higher-order correlations by removing the lower-order groups of correlations. This event-

averaged, genuine multi-particle correlations are denoted by ⟨⟨2k⟩⟩. For example, two-particle correlations are

removed from four-particle correlations by using,

⟨⟨ein(ϕ1+ϕ2−ϕ3−ϕ4)⟩⟩ ≡ ⟨ein(ϕ1+ϕ2−ϕ3−ϕ4)⟩ − ⟨ein(ϕ1−ϕ3)⟩ − ⟨ein(ϕ2−ϕ4)⟩

= −(vn{4})4.
(3.14)

In this formulation, only direct four-particle correlations will contribute to the measurements but not those

from pairwise correlations. In Ref. [135], properties of higher-order cumulants are calculated with a Gaussian

ansatz for the underlying vn distribution. Here the Gaussian ansatz is the distribution of the magnitude of vn

when integrating over angles of the vector vn = vne
inΨn as a 2D Gaussian distribution. It can be derived that

under this ansatz, vn{2k} for (2k >= 4) gives an estimation of ⟨vn⟩ without contributions from fluctuation

terms. Combining with what we know about the event plane and scalar product methods, we have,

vn{2} > vn{4} ≈ vn{6} ≈ vn{8}, (3.15)

where vn{2} can be replaced by other two-particle type measurements, such as vn{SP} or vn{EP}. Higher-

order cumulants and their comparison with two-particle type measurements serve as an useful tool to study

the Gaussianity of underlying vn distribution [135–138].
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3.2.2 Important Considerations in vn measurements

Important experimental caveats should be explained before interpreting measurements of vn using different

methods. In all previous discussions of vn, the initial QGP eccentricities are assumed to be the only source

of measured azimuthal anisotropies and approximately as a 2D geometry. In practice, not all measured

correlations in vn come from the global collectivity, and the QGP is a 3D volume with small but non-zero

thickness along the z-axis. These two effects, known as “nonflow effects” and “longitudinal decorrelation”

respectively, will now be explained.

Nonflow effects By observing Equation 1.3, we shall notice that there is no physical meaning attached

to this decomposition regarding the origin of the measured correlations [134]. That is, any local or global

correlations between particles that give rise to anisotropies in the azimuthal direction contribute to the

experimentally measured vn. Correlations that are unrelated to the initial geometry of the QGP are referred

to as nonflow effects [131, 132].

Some examples of nonflow correlations are transverse momentum conservations, resonance decay, quantum

correlations between identical particles (the Hanbury-Brown and Twiss effect [139, 140]), and for high-pT

sector, a back-to-back dijet. There are three categories of methods attempted to properly account for nonflow

effects: (a) to measure only in phase space where such effects are expected to be small [141], (b) to explicitly

subtract them in the analysis, or (c) to systematically suppress them regardless of the source [132]. The

last category of methods is now most extensively used as it has the obvious advantage that no detailed

knowledge of nonflow sources is required. Any nonflow sources of a direct, local origin, that is, from particle

decay correlations, can be suppressed be explicitly requiring spatial separation along the beam direction

between the correlated objects. This is frequently done in the event plane and scalar product methods, in

where a significant rapidity gap is applied between where the event planes are estimated and where the

particle production is measured. On the other hand, such local correlations are typically of a few-particle

nature, and can be effectively suppressed by genuine multi-particle correlations of higher-order, as done in

the multi-particle cumulant method. The magnitudes of local particle decay products [131] are estimated to

scale with M1−2k for a 2k-particle correlation, where M is the particle multiplicity in an event.

It should be noted that nonflow effects contribute to vn on an event-by-event basis. Consequently, nonflow

effects also have event-by-event fluctuations, and contribute to the fluctuations of vn in addition to the

fluctuations in ϵn. Therefore, non-Gaussianity of vn in experimental measurements can arise from flow or

nonflow contributions. On the other hand, some nonflow sources are highly centrality dependent as a result

of their dependence on collision multiplicity and energy. Since correlations from short-distance resonance
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Figure 3.3: Measurements of vn{4} for different harmonics. Negative values are plot presentation of magnitude
of the imaginary vn{4}. Figure is taken from Ref. [149].

decay scale with (1− 2k)-th power of event multiplicity for 2k-particle correlations [131], short-range nonflow

effects more pronounced in peripheral, lower multiplicity events. Correlations from initial state parton

correlations, such as those from a back-to-back dijet, are also stronger in peripheral events as a result of the

low multiplicity in these events. Particles from jet constitute a larger fraction of the overall production where

the QGP volume is smaller.

Longitudinal decorrelation In all previous discussions, it is assumed that the energy density profile of

the QGP is approximately invariant along the beam direction, thus enabling the discussion to be limited to a

2D approximation in the transverse plane. However, in recent models [142–144] and experimental studies

[145–148], it has been shown that the energy profile may not be uniform in the beam direction, thus creating

a rapidity-dependent event plane angle Ψn and flow coefficient vn. This is referred to as the longitudinal flow

decorrelation. As a result of this decorrelation, vn measured between objects of larger gap along the beam

direction are decreased. Longitudinal decorrelations are expected to contribute when significant rapidity gaps

are applied between correlated particles, although the magnitudes are expected to be small in comparison to

flow signals.

3.2.3 Method comparison in vn measurements

The multi-particle cumulant methods have been applied in soft [55, 125–127, 129, 130, 149–151] and hard

vn [88, 124]. Figure 3.3 shows an ATLAS measurements at
√
s
NN

=5.02 TeV for vn{4} in fine centrality

intervals. Strong centrality dependence is observed in v2, which increases magnitudes from central to

mid-central and then decreases toward peripheral events, as expected from the ellipticity of the average

geometry. A change of sign is observed for v2 in ultra-central collisions and for v4 in peripheral collisions.

For presentation purpose, these plots have shown the magnitude of imaginary vn{4} as negative-valued
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Figure 3.4: Ratio of cumulants v2{6}/v2{4} as a function of centrality from ATLAS [149], CMS [129], and
ALICE [150]. Figure is taken from Ref. [149].

vn{4}. The sign change suggests that strong fluctuations exist in the underlying vn distributions in these

region in comparison to the mean, and can suggest a non-Gaussianity in the underlying vn distributions. For

v2, it could arise from initial state fluctuations or non-flow fluctuations, which can be more systematically

studied using simulations [152]. Initial state fluctuations such as volume fluctuations of nuclei [153, 154]

have been suggested as an explanation for the sign-change in ultra-central collisions. Volume fluctuations

create centrality fluctuations in events, and cause experimental measurements of vn to mix events of different

real collision centralities, thus creating a non-Gaussianity. For v4, the sign change also gives insights for the

interplay between linear response from ϵ4 and non-linear contributions of ϵ2 to the measured v4. A primarily

linear mapping from ϵn to vn can be assumed in the two lowest modes of flow harmonics, v2 and v3, whereas

higher order flow harmonics are sensitive to both higher and lower order eccentricities [155, 156].

In the soft sector, abundant statistics are available which enables measurements of higher-order cumulants,

such as vn{6} and vn{8}, and their ratios are calculated. Figure 3.4 shows the v2{6}/v2{4} as a function of

centrality for measurements at the LHC [129, 149, 150]. As predicted for Gaussian distributions, this ratio is

very close to 1 in the central collisions. However significant centrality dependence is observed, and in the

peripheral region, the deviation of less than 3% is observed. The centrality dependence non-Gaussianity

suggest non-zero high-order fluctuations in the initial geometry and stronger nonflow effects in the peripheral
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regions.

With increased luminosity and collision energies at the LHC, measurements of vn are able to be pushed

toward higher pT for hard sector studies. Figure 3.5 shows the CMS measurements of flow harmonics for

v2 and v3, using scalar product and multi-particle cumulant methods, up to 100 GeV [88]. With the scalar

product method, a positive v2 is obtained up to a pT of approximately 60–80 GeV in all except for the most

central collisions measured. Meanwhile, v3{SP} is positive up to a pT of 20 GeV for 0–40%. In v2, the trend

of vn{SP} > vn{4} ≈ vn{6} ≈ vn{8} is observed, similar to that observed in the soft sector, suggesting

a correlation between the parton energy loss and the event-by-event QGP geometry. A comparison with

theoretical model is also provided, where the SHEE model [157] shows better agreement. This measurement,

however, did not provide with multi-particle cumulant measurements of high-pT v3, possibly from the

significant statistical fluctuations.

The positive jet v3{EP} (see Figure 1.28 from Section 1.3.5) and charged particle v3{SP} for pT > 10 GeV

provides evidences for the hard sector responses for the event-by-event fluctuations in the QGP geometry.

However, higher-order cumulants of v3 have been statistically limited, as shown on Figure 3.6, thus making

it difficult for a quantitative understanding of the v3 fluctuations in the hard sector. This motivates the

measurements conducted in this thesis. Using a bigger dataset collected using the ATLAS detector, a

systematic study on the v2 and v3 and their cumulants is conducted in the hard sector.
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Chapter 4

Azimuthal anisotropies of high-pT
charged particles in Pb+Pb collisions
at 5.02 TeV with the ATLAS detector

4.1 Overview of the thesis analysis

Like introduced in Chapter 1, measurements of jets originating from hard parton scatterings in the early

stages of heavy-ion collisions provide information about the short-distance-scale interactions of high-energy

partons with the QGP. This is seen in the suppression of jet and high-pT hadron productions [77, 79, 130,

159, 160]. This suppression can be explained by the energy loss of partons propagating through the QGP,

and the magnitude of this jet energy loss depends on the amount of QGP that the jet travels through. The

geometry of the overlap of the two nuclei leads to a shorter average path length if the jet is oriented along

the direction of the collision impact parameter than if the jet is oriented in the perpendicular direction. This

is expected to lead to a dependence of the jet yield on the azimuthal angle [161–163]. Charged particles

with pT greater than 10 GeV, hereinafter referred to as high-pT charged particles, are likely come from

jet fragmentation. Therefore, the measurements of azimuthal anisotropies of high-pT charged particles are

useful for investigating the path-length dependence of jet energy loss. A similar azimuthal modulation is also

present in the low-pT charged particles due to the hydrodynamic flow of the QGP. The amplitudes of these

anisotropies can be used to constrain the bulk properties of the QGP.

The key observable for this analysis is the azimuthal anisotropies quantified via the vn Fourier coefficient

values describing the azimuthal angular distribution of charged particles with respect to the event planes:

dN

dϕ
∝ 1 + 2

∞∑
n=1

vn cos(n(ϕ−Ψn)),

where Ψn is the n-th order event plane and ϕ is the azimuthal angle of charged particles, as measured

experimentally. Measurements of vn also include contributions from non-flow effects, defined as the correlations

unrelated to the initial geometry of the QGP, such as resonance decays, global momentum conservation, jet

fragmentation, and dijet production. Chapter 3 reviews some methods have been developed to suppress

non-flow effects and applied in vn measurements at the LHC [85, 87, 88, 122, 164] and Relativistic Heavy Ion

45



Collider (RHIC) [165, 166]. The scalar-product (SP) method [165, 167] provides an estimate of
√
(vn)2 that

is independent of the detector resolution. In addition, the non-flow contributions are mitigated if a rapidity

gap is imposed between the correlated sub-detectors. Alternatively, lower-order short-distance correlations

from particle decays can be effectively suppressed by utilizing genuine multi-particle correlations within the

multi-particle cumulant (MPC) framework [131, 132, 168], which can be efficiently implemented using the

so-called Q-cumulants [133, 134]. The formalism of Q-cumulants sum over correlated particle multiplets in a

single looping of particles. Following the convention from this framework, correlations, cumulants, and vn

measurements that are integrated in pT are termed reference, in contrast to the differential quantities that

are differential in pT. The three-subevent Q-cumulant method extends the standard method by requiring a

rapidity gap between some of the correlated particles. This has been shown to reduce further the short-range

non-flow effects in measurements of reference vn [149, 152, 169]. The measurements of MPCs used to obtain

vn are conducted over events of similar centralities, which define an event ensemble known as an event class.

It has been observed that the results obtained with the MPC method are also sensitive to the centrality

resolution of the event class chosen. Therefore, different strategies of constructing the vn values in a centrality

interval have been investigated in the low-pT sector [149].

4.1.1 Motivations

Some recent measurements of vn for the hard probes were also reviewed in Chapter 3, as done with jets [85–87]

as well as high-pT charged particles [88, 122, 124]. Some key observations obtained are summarized here.

For jets with pT > 70 GeV, positive values of v2 are measured for all collisions except for the most central

collisions, and positive values of v3 are measured for mid-central collisions [87]. A centrality dependence

that is qualitatively similar to the soft-sector has been observed in jet vn. For charged particles, v2 values

measured with both the SP and the MPC method decrease with pT for a pT greater than 20 GeV while

remaining positive up to a pT of approximately 80 GeV for the 60% most central collisions. Meanwhile, the

values of v3 measured with the SP method remain positive up to a pT of approximately 20 GeV for the 40%

most central collisions [88]. The positive jet v3{EP} and charged particle v3{SP} for pT > 10 GeV provides

qualitative evidences for the hard sector responses for the event-by-event fluctuations in the QGP geometry.

Multi-particle cumulant v3 has been very limited in statistics and not available above 10 GeV.

Jets and high-pT charged particles are different probes and they complement each other in the understand-

ing of parton energy loss to the QGP. Although they both aim to probe hard scatteded partons, additional

mechanism in jet fragmentation gives them different quantitative values. These two probes are different yet

complement each other in the understanding of parton energy loss to the QGP. Therefore, a systematic study
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on high-pT vn using charged particles is an important follow up for the jet vn studies done at the Pb+Pb

collisions at
√
s
NN

= 5.02 TeV. On the other hand, limited statistics has been a challenge in differential-pT vn

measurements, especially those with multi-particle cumulant methods. An improvement in statistics allows

for higher pT ranges probed, as well as for systematic studies of different effects in high-pT region, such as

pseudorapidity dependence, the sensitivity to nonflow effects, and how different methods affect the vn values

measured.

This paper extends the measurement of vn values for charged particles by the SP method in
√
sNN =

5.02 TeV Pb+Pb collisions to higher pT and presents measurements of pT-differential four-particle cumulant

v3 up to 100 GeV using a data set corresponding to an integrated luminosity of 435 µb−1 collected by the

ATLAS detector in 2018. Measurements of vn were performed in intervals of pT up to 400 GeV and intervals

of centrality spanning 0–60% most central collisions. Measurements of vn with the SP method, denoted by

vn{SP}, were carried out for tracks in three pseudorapidity ranges |η| < 1.1, 1.1 < |η| < 2.5 and 0 < |η| < 2.5.

And measurements of vn using the MPC method were performed for four-particle cumulants, denoted by

vn{4}, for charged particles over the pseudorapidity range of |η| < 2.5. Furthermore, the three-subevent

Q-cumulant method used for reference vn measurements is expanded to include pT-differential v2{4} and

v3{4}. A comparison of these quantites with those obtained using the standard Q-cumulants is included.

The results are presented in 5% or 10% wide centrality intervals. For the MPC method, the cumulants are

firstly computed within narrower centrality intervals before combining into wider ones. The differences in the

MPC measurements by using different centrality intervals before combining are shown. Finally, results from

the SP method and the MPC method are compared with each other.

4.2 Data and Monte Carlo simulations

4.2.1 Pb+Pb data event selection

The Pb+Pb dataset used in this analysis corresponds to an integrated luminosity of 435 µb−1. Events were

required to satisfy one of the three L1 minimum-bias (MB) triggers. The first MB trigger requires an event

to have a total transverse energy (TE) measured in the calorimeter system above 600 GeV. The second MB

trigger requires an event to have a TE above 50 GeV and less than 600 GeV. The third MB trigger will fire

when an event is veto-ed by both of the previous two triggers and satisfies a ZDC coincidence trigger at L1

and have at least one track in the HLT. The MB triggers above have a small prescale1 of approximately 3.95.

This is enabled by a novel strategy known as the partial event building (PEB) [113, 170], in which data

1A prescale is a number that defines what fraction of events are recorded out of all possible events that would have passed
the trigger requirements.
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from selected ATLAS subdetectors are used to compose an event, thus enabling higher recording rate and

optimized event size. For this analysis, events are required to have the z-coordinate of the primary vertex

within 100 mm of the nominal interaction point. This dataset is referred to as the PEB dataset.

A smaller dataset with approximately 10% of the PEB stream events is used for testing purpose. This

dataset set has its events constructed with all detectors and is useful for testing certain analysis procedure

and corrections. It uses the same criteria for minimum bias triggering (excpet for triggering them on HLT

instead of L1), and it therefore referred to as the MinBias (MB) dataset.

4.2.2 Centrality determination

The centrality determination in ATLAS is done with the total transverse energy recorded in Forward

calorimeters (FCal), denoted by ΣEFCal, an observable related to the impact parameter of nuclei collision.

Mininum bias events of Pb+Pb collisions are sorted by ΣEFCal values above a threshold designed to remove

photonuclear and diffractive interactions between the nuclei. An MC Glauber simulation fitted to the data

is used to describe the distribution of ΣEFCal in hadronic interactions, which finds approximately 85% of

events from data follow the simulated trend. The ΣEFCal distributions from these data are then divided

into 85 bins of equal number of events, and the point of division in ΣEFCal is used for centerality percentile

determination in ATLAS analyses.

4.2.3 In-time and out-of-time pileup

By design, each event recording should contain information from only one collision. A pileup event is an

event in which there are multiple Pb+Pb interactions. An in-time pileup is an event with more than one

hadronic interaction from the same bunch crossing. An out-of-time pileup is when an event records additional

hadronic interactions from just before or right after the collision of interest.

In-time pileup rejection

In-time pileup events record multiple interactions as one, therefore the total transverse energy recorded in

Forward calorimeters (FCal), denoted by ΣEFCal, is the summation of multiple interactions, making the event

“appear” to be a central collision when it actually consists of multiple peripheral collisions. These events were

suppressed by utilizing the observed anti-correlation, expected from the nuclear geometry, between ΣEFCal
T ,

correlated with number of participant nucleons, and the energy in the ZDC, which is proportional to the

number of observed spectator neutrons. The distribution of number of neutrons Nneutron against ΣEFCal
T
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Figure 4.1: Left: Distribution of event counts on Nneutron against ΣEFCal
T before in-time pile-up rejection

using the tool. Right: Distribution of event counts on Nneutron against ΣEFCal
T after in-time pile-up rejection

using the tool.

before and after in-time pile-up rejections is shown in Figure 4.1. In-time pileul events are estimated to be

less than 0.5% of collisions.

Out-of-time pileup

Additional hadronic interactions from just before or right after the collision of interest could interfere with

calorimeter performance and centrality determinations. Criteria for rejecting these events are determined

by the expected strong and linear correlation between charged particle multiplicity and measured ΣEFCal
T .

Events with a charged particle multiplicity that falls out of this correlation are rejected. Figure 4.2 shows

the Nch vs ΣEFCal
T correlation froms MB events. Pile-up events have lower than expected ΣEFCal

T when

the calorimeter is not properly zeroed for the current event when it’s restoring from the previous events,

and higher than expected ΣEFCal
T when it records more than current event’s energy, such as gas splash. To

determine the upper and lower bound of rejections, a Gaussian fitting is applied to the Ntrk distributions

for each ΣEFCal
T slice of 0.05TeV. Events are rejected when they have a Nch value outside of 5σ from the

central value. The red dots on the left plot of Figure 4.2 are upper and lower 5σ boundaries.

A very stringent criteria were chosen to remove such events, excluding approximately 15% of events nearly

independent of centrality. This rejection was made necessary due to the focus of this analysis on measuring

correlations of small magnitudes and a smaller bunch spacing used in the ATLAS 2018 Pb+Pb dataset. The

ATLAS 2015 dataset for Pb+Pb collisions at
√
sNN=5.02 TeV used a bunch spacing interval of 100 ns, while

a bunch spacing interval of 75 ns was used for approximately half of the ATLAS 2018 dataset for higher event

rate. See details for the determination of this out-of-time pileup rejection criteria in 5.
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Figure 4.2: Left: Positive and negative 5σ fit of Nch for each ΣEFCal
T bin shown in red dots with ΣEFCal

T

ranging from 2.5TeV to 4.7TeV. Right: Linear function fitted to the 5σ range.
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Figure 4.3: Left: All events before pile-up rejections. Middle: After only HIPileUpRejection tool rejections.
Right: After HIPileUpRejectionTool and offline OOTP rejections.

Number of events rejected in each process is summarized in Table. 4.1. “Online selected” are number of

events after ATLAS selections related to data taking qualities.

4.2.4 Monte Carlo samples

Monte Carlo (MC) simulations are used in this analysis to evaluate the track reconstruction performance. The

MC sample used in this analysis consists of 4M events generated with HIJING [171]. After the generation,

the flow effect was added to the simulated events using an “afterburner” [119] procedure, which implements

the pT, η, and centrality dependence of the vn, as measured in the
√
s
NN

= 2.76 TeV Pb+Pb data [115], by

artificially rearranging the ϕ positions of the generated particles. The detector response is simulated with

FastSim [172] for calorimeters and Geant4 [173, 174] for the ID. The simulated events are then reconstructed

using the same configuration as data events.
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Rejections (ordered) Events Remaining Percentage Remaining
Online selected 2566544465 100.00%

Offline pile-up rejection (this Section) 2566144098 99.98%
|zvtx| < 100 mm 2484675872 96.81%

Additional pile-up rejection (See 5) 2111356566 82.26%

Table 4.1: Number of events after each additional rejection procedure defined for this analysis for PEB stream
data and fraction of events selected as a percentage of the number of online selected events.

4.3 Track selection

Tracks of charged particles are reconstructed from hits in the inner detector using a track reconstruction

algorithm that was optimized for the high hit density in heavy-ion collisions. The following requirements are

met for tracks used in this analysis,

• pT > 1GeV

• |η| < 2.5

• if expected require hit in the innermost layer (either IBL or if not expected in innermost Pixel layer)

• NSCT >= 8

• NPixel >= 2

• NSCTHoles <= 1

• |d0| <= 0.47× e(−0.15×pT) + 0.19× e(0.00034×pT) mm

• |d0/σd0 | < 3

• |z0 sin θ/σz0 sin θ| < 3

This selection follows the ATLAS recommendation, with additional criteria, listed as the last three items in

the list above, imposed on the impact parameters to suppress the contribution from secondary particles,2

The last criteria is extracted from jet fragmentation study by ATLAS from Ref. [175], and the requirements

on impact parameter significances were also used in ALTAS charged hadron spectra measurements available

in Ref. [79].

2Primary particles are defined as particles with a mean lifetime τ > 0.3× 10−10 s either directly produced in the collisions or
from subsequent decays of particles with a shorter lifetime. All other particles are considered to be secondary.
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Figure 4.4: The parameterization of the |d0| cut as a function of charged-particle track pT, denoted by ptrkT ,
(black lines) and the d0 distribution of all tracks before cuts used in this analysis.

4.3.1 Track weight

The detector non-uniformity and reconstruction inefficiency are corrected in this analysis with track weights.

This section describes the three corrections done to correct for these detector effects: detector non-uniformity

flattening, flow vector recentering, and track reconstruction efficiency.

Detector non-uniformity flattening

Tracks are also weighted for detector acceptance non-uniformity on a run-by-run basis. It is assumed that

the tracks should distribute approximately uniformly after averaging over events in ϕ-direction. The detector

is binned in each 0.1 binning in both η and ϕ directions, and the ratio is taken to be the weight and used in

this analysis on a track-by-track basis, defined by the equation wtrk = Nη

64Nη,ϕ . Figure 4.5 shows, from left to

right, the unweighted raw track distributions in 2D η-ϕ directions, the weights calculated as described here,

and the resultant weighted track distribution after track weighting.

The interaction point of each collision varies with respect to the detector coordinates along the beam

direction, and this variation can be quantified as primary vertex z-direction component. Depending on the

position of the collision vertex, the detector geometry seen by the particles differs. The η values of particles

were reconstructed with respect to the primary vertex of each collision instead of absolute detector coordinate,
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and therefore the tracker acceptance map made by stacking η distributions of tracks from events of different

zvtx is smeared by this primary vertex fluctuations. To reduce this effect, in this analysis, track acceptance

weight maps were divided into four zvtx bin of 50mm and applied separately to each event based on the

zvtx value. The maps for the same run is shown in Figure 4.6, where a clear difference in η coordinates is

shown. Red dots in the map indicate a 0.1× 0.1 η-ϕ grid in which the detector dead area is receiving very

little signals and have a track weight ωi > 20.0. The entire η bin of width 0.1 containing such dead areas are

excluded for each zvtx event class.
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Figure 4.5: The example η-ϕ map before track weighting (left panel) extracted from one run 365678, the η-ϕ
map of track weights (middle panel), and the same η-ϕ map after weights are applied.

Flow vector recentering

Following Ref. [176], in addition to the flattening weights from Section 4.3.1, the flow vectors Qn measured

for FCal are corrected for detector non-uniformity by subtracting the mean Qn in each 1% centrality bin on

a run-by-run basis:

Qn = Qraw
n − ⟨Qraw

n ⟩. (4.1)

This correction centers both the real and imaginary parts of the Qn vector at zero.

Figure 4.7 shows the mean flow vectors from all runs as a function of event centrality before and after

this correction for n = 2–3 and for the positive and negative rapidity side of the FCal in the PEB dataset.

Left panels correspond to real part of Qn vectors while right panels show imaginary part of Qn vectors. The

real and imaginary parts of the Qn vectors after the correction are centered at 0 over the centrality range

used in this analysis (0–60% collisions).
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Figure 4.6: Acceptance weight maps of different zvtx ranges. The left and right plot in top row is, respectively,
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Figure 4.7: Mean Q-vector components as a function of centrality before and after calibration for harmonics
n = 2-3 (from top to bottom). Open points show the raw values prior to the calibration and solid points
show the calibrated values. The left panels show the real part of the Qn-vectors and the right panels show
the imaginary part of the Qn-vectors.
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Figure 4.8: Mean Q-vector components of inner detector after run-by-run track weights correction as a
function of centrality before and after calibration for harmonics n = 2, 3, 4, 6 (from top to bottom). Open
points show the raw values prior to the calibration and solid points show the calibrated values. The left
panels show the real part of the Qn-vectors and the right panels show the imaginary part of the Qn-vectors.
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The inner detector acceptance non-uniformity is corrected by the same procedure as FCal recentering, by

subtracting the mean ID Qn vectors from Qraw
n vectors used in calculation. The raw and calibrated Qn vectors

are shown in Figure 4.8, where shows Qn vectors up to the 6th order that are needed for the calculations of

up to four-particle cumulants v2 to v3.

Track reconstruction efficiency

The track reconstruction efficiency for charged particles, ϵ, is measured using the MC samples as a function

of ptruthT for two ranges of η as,

ϵ(ptruthT , η) =
N(ptruthT )ch,reco|matched to truth

N(ptruthT )ch,truth
(4.2)

where the counting of denominators and numerators is done for each ptruthT and η bin. Nch,truth is the truth

stable charged particles, and Nch,reco|matchedtotruth is the number of reconstructed charged particles which

have a truth match. The reco-to-truth matching criteria is defined by the shared detector hits between track

and truth charged particle trajectory as follow [177],

mcprob =
10N common

pix + 5N common
SCT +N common

TRT

10N track
pix + 5N track

SCT +N track
TRT

(4.3)

where N common
X are the number of hits in detector X in common between the truth and reconstructed track.

N track
X is the number of total hits in the reconstructed track. The matching threshold used is mcprob > 0.3.

The track reconstruction efficiencies are shown in Figure 4.9 to Figure 4.11. Track reconstruction shows

a strong pseudorapidity dependence, shown in Figure 4.9, most obviously between the two regions divided

by |η| = 1.1. Meanwhile, the centrality dependence of track reconstruction efficiency is on 4% level for

track range |η| < 1.1 and on 8% level for track range 1.1 < |η| < 2.5, as shown in Figure 4.10 To minimize

fluctuations from the finite statistics in the MC samples, the efficiencies are fitted before applying to the

tracking weights. The fitting are done for each centrality and pseudorapidity range as shown in Figure 4.10.

A linear-log function is fitted against the efficiency for each rapidity bin, and the efficiencies are taken to be

constant for pT > 20 GeV. This smooth efficiency correction is shown in the example in Figure 4.11 and

applied to the data.
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In order to obtain averaged quantities tracking inefficiencies have to be taken into account. Each sum

over the tracks is weighted by the factor 1/ϵ(ηtrk, p
trk
T ) on a track-by-track basis.

4.4 Analysis method

4.4.1 Scalar-product method

The SP method is defined in Ref. [165], further discussed in Ref. [167], and results using this method for

Pb+Pb and Xe+Xe collisions have been published by ATLAS in Refs. [122, 178]. It uses flow vectors un,j

and Qn, where the un,j for each object of interest j, for example, a charged-particle track or energy deposited

at a single calorimeter tower, is defined as,

un,j = einϕj , (4.4)

and the average flow vector Qn of a subevent, for example, one side of the FCal, is defined as,

Qn =
1∑
j ωj

∑
j

ωjun,j , (4.5)

where the summation goes over all objects of interest in the subevent. In this analysis, flow vectors are

evaluated separately for the two sides of the FCal and are denoted Q
N |P
n , where the N and P correspond

to a pseudorapidity range of −4.9 < η < −3.2 and 3.2 < η < 4.9, respectively. In this case, the sum in

Equation 4.5 runs over the calorimeter towers with approximate granularity of ∆η ×∆ϕ = 0.1× 0.1 and the

weights ωj are the transverse energies ET measured in the towers.

The azimuthal anisotropy coefficients using the this method, vn{SP}, are defined for each pT and centrality

interval as,

vn{SP} ≡ Re

〈
un,jQ

N |P
n

∗〉
√〈

QN
n QP

n
∗
〉 =

〈
|un,j ||Q

N |P
n | cos

[
n
(
ϕj −Ψ

N |P
n

)]〉
√〈

|QN
n ||QP

n | cos [n (ΨN
n −ΨP

n )]
〉 . (4.6)

The numerator calculates the scalar product of the flow vector of the reference subevent, Q
N |P
n , and that of

each charged-particle track, un,j , where the ⟨⟩ denotes an average over all tracks within the particular pT

interval from all events of the given centrality interval. This average is weighted for each track to correct

for ID non-uniformity along the azimuthal direction and track reconstruction inefficiency. The denominator

calculates the estimated detector resolutions, as determined using two reference subevents, positive and

negative ends of the FCal, of the same event, and the ⟨⟩ denotes an average over all events in the given

centrality interval. The flow vector QP
n (QN

n ) of the calorimeter is correlated with tracks with η < 0 (η > 0).
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This implementation of the SP method imposes a pseudorapidity gap of at least 3.2 between the reference Qn

and tracks, thus suppressing short-range non-flow correlations, such as those arising from resonance decays

and same-jet correlations [123]. The vn{SP} values are measured for ID pseudorapidity ranges of |η| < 2.5,

|η| < 1.1, and 1.1 < |η| < 2.5.

4.4.2 Multi-particle cumulant method

The multi-particle cumulant method using standard Q-cumulants, as applied in this analysis, is based on the

generic framework described in Ref. [134]. The three-subevent Q-cumulants method extends this framework

and was introduced in Ref. [152] for reference vn{4} measurements. This analysis extends the three-subevent

Q-cumulant to pT-differential vn{4} measurements. The following subsections will describe in basic definitions

of cumulants, reference versus differential flow, followed by the standard Q-cumulants and three-subevent

Q-cumulants.

Definitions of cumulants

For a single event, the n-th order two- and four-particle azimuthal correlators are denoted as ⟨2⟩n and ⟨4⟩n,

respectively, and defined as [133, 134],

⟨2⟩n ≡⟨ein(ϕ1−ϕ2)⟩,

⟨4⟩n ≡⟨ein(ϕ1+ϕ2−ϕ3−ϕ4)⟩,
(4.7)

where ϕi represents the azimuthal angles of distinct charged-particle tracks. The different indices mean that

two or four different particles are correlated (no self-correlation). The single bracket takes a weighted average

over all possible combinations in a single event. The definition can be similarly extended to higher number

of particles as long as the defined variable is invariant of coordinate system. The event averaged correlator

⟨⟨2k⟩⟩n is the event-average of ⟨2k⟩n weighted by total weights of each event, defined as,

⟨⟨2⟩⟩n ≡⟨⟨ein(ϕ1−ϕ2)⟩⟩ =
∑events

i (W(2))i⟨2⟩i∑events
i (W(2))i

,

⟨⟨4⟩⟩n ≡⟨⟨ein(ϕ1+ϕ2−ϕ3−ϕ4)⟩⟩ =
∑events

i (W(4))i⟨4⟩i∑events
i (W(4))i

,

(4.8)
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where W(2k) is the event weight for the corresponding correlator pair ⟨2k⟩n. It can be easily shown that

⟨⟨2k⟩⟩n gives to the 2k moments of vn since,

⟨⟨2k⟩⟩n ≡⟨⟨ein(ϕ1+...+ϕk−ϕk+1−...−ϕ2k)⟩⟩ = ⟨⟨ein(ϕ1−Ψn+...+ϕk−Ψn−ϕ2+Ψn−...−ϕ2k+Ψn)⟩⟩

=⟨⟨ein(ϕ1−Ψn)⟩ . . . ⟨e−in(ϕ2k−Ψn)⟩⟩ = ⟨v2kn ⟩.
(4.9)

Therefore we can now define the 2k-th order cumulants of vn, which attempt to extract genuine 2k-particle

correlations without lower-order correlations, and the corresponding vn{2k} using the multi-particle correlators

as,

cn{2} ≡⟨⟨ein(ϕ1−ϕ2)⟩⟩ − ⟨⟨einϕ1⟩⟩⟨⟨e−inϕ2⟩⟩ = (vn{2})2

cn{4} ≡⟨⟨4⟩⟩ − 2⟨⟨2⟩⟩2 = ⟨v4n⟩ − 2⟨v2n⟩2 = 2σ2(v2n)− ⟨v4n⟩ = −(vn{4})4,
(4.10)

where σ2(vn
2) is the variance of the second moment of vn. The cumulants in this definition subtracted lower

order correlator contribution to get an unbiased estimation [132]. Note the terms subtracted from ⟨⟨ ⟩⟩2are

zero for a perfectly uniform detector. In this analysis, detector effects are accounted for using particle weights

as explained in Section 4.3.1. In this definition, cn{4} must be negative to yield a real-valued vn{4}. If the

flow variable does not have event-by-event fluctuations, cn{4} is negative and vn{4} measures the true flow

variable. Sign-change behavior can arise from different sources including non-Gaussianity in the underlying

distribution and centrality fluctuations of events [149, 179]. To represent the case where cn{4} is negative in

the plot with real axis, the following sign change convention from Ref. [149] is used,

vn{2} =
√
cn{2}, vn{4} =


√
−cn{4} cn{4} ≤ 0

−
√

cn{4} cn{4} > 0,

(4.11)

Reference flow and differential Flow

The experimental measurement of pT dependent differential flow harmonics vn(pT) in the statistically limited

high pT region is measured utilizing a correlator of one charged particle of interest (POI) in given pT range to

one or more particles with no pT requirement. Denoting the event-averaged differential 2k-particle correlation

as ⟨⟨2k′⟩⟩n, the differential cumulants dn{2}(pT), dn{4}(pT) and different flow vn{2}(pT), vn{4}(pT) are

derived by Ref. [132, 133] to be,

dn{2}(pT) =⟨⟨2′⟩⟩n,

dn{4}(pT) =⟨⟨4′⟩⟩n − 2⟨⟨2′⟩⟩n⟨⟨2⟩⟩n,
(4.12)
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vn{2}(pT) =
dn{2}(pT)
(cn{2})1/2

,

vn{4}(pT) =
−dn{4}(pT)
(−cn{4})3/4

,

(4.13)

where cn{4} and cn{2} are computed over soft reference particles (REF) in pT range 1–5 GeV.

Depending on the shape of the underlying reference vn{4} distributions, cn{4} could change sign across

different centrality ranges. Values of c2{4} have been observed to become positive in the 2% most central

collisions, giving an imaginary reference vn{4} [149]. Therefore for this analysis, the centrality interval 0–5%

is omitted for the differential v2{4} measurements to ensure that the values of reference v2{4}, thus values of

the denominator in the differential v4{2} formula, are always real-valued.

Standard Q-cumulants

In the standard Q-cumulants, all tracks within the pseudorapidity range of |η| < 2.5 are used. As it is

computationally challenging to calculate four-particle correlations using nested loops, the correlators in this

analysis are computed using the Q-cumulants, following the generic framework from Ref. [134], with the k-th

power weighted flow vector Qn,k
3, defined as,

Qn,k =

M∑
j=1

ωk
j un,j , (4.14)

where M is the charged-particle multiplicity of the event, un,j is the n-th order flow vector of a single track

with corresponding weight ωj . The single-event 2- and 4-particle correlations have the following formula [133,

3The notation Qn,k defined for the MPC method should be distinguished from the notation Qn defined for the SP method.
Qn,k is a weighted summation of un,j , whereas Qn is a weighted average of un,j computed by the weighted summation of un,j

normalized by the total weight of un,j .
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134] 4,

⟨2⟩n =
[
|Qn,1|2 −Q0,2

]
/W(2),

W(2) =Q2
0,1 −Q0,2,

⟨⟨2⟩⟩n =

∑N
i=1 ⟨2⟩n(W(2))i∑N

i=1(W(2))i
,

⟨4⟩n =
[
|Qn,1|4 + |Q2n,2|2 − 2Re[Q2n,2Q−n,1Q−n,1] + 8Re[Qn,3Q−n,1]

− 4Q0,2|Qn,1|2 − 6Q0,4 + 2Q2
0,2

]
/W(4),

W(4) =Q4
0,1 − 6Q0,2Q

2
0,1 + 8Q0,3Q0,1 + 3Q2

0,2 − 6Q0,4,

⟨⟨4⟩⟩n =

∑N
i=1 ⟨4⟩n(W(4))i∑N

i=1(W(4))i
.

(4.15)

Equation 4.15 defines multi-particle correlators for reference flow. The particles used for reference flow

are soft particles, and are referred to as reference particles (REF). The pT differential particle is referred

to as particles of interest (POI). In this analysis, particles of pT range 1 to 5 GeV are used as REF. Since

this analysis measures pT dependent vn from 1.0GeV, a particle in the REF range can also be a POI when

correlated with other REF. For a given pT range, if a particle can be both POI and REF, they are referred

to as BOTH. In the standard Q-cumulants, all tracks within the pseudorapidity range of |η| < 2.5 are used.

To compute the differential correlator ⟨2′⟩n and ⟨4′⟩n, the following flow vectors are introduced. The POI

flow vector is defined as,

pn,k =

Mp∑
i=1

ωk
i qn,i, (4.16)

where Mp is multiplicity of POI particles of given pT bin in this event. The BOTH flow vector is defined as,

qn,k =

Mq∑
i=1

ωk
i qn,i, (4.17)

where Mq is multiplicity of BOTH particles of given pT bin in this event. The differential correlators are

4Ref.[133] has a typo in their original formula for ⟨4⟩n (Equation B16 in the paper), where the sign for the last term should
have been “+”. This has been confirmed by the analysis team’s communication with the author.

64



defined as,

⟨2′⟩n =
[
pn,1Qn,1 − q0,2

]
/W(2′),

W(2′) =p0,1Q0,1 − q0,2,

⟨⟨2′⟩⟩n =

∑N
i=1 ⟨2′⟩n(W(2′))i∑N

i=1(W(2′))i
,

⟨4′⟩n =
[
pn,1Qn,1Q−n,1Q−n,1 − q2n,2Q−n,1Q−n,1 − pn,1Qn,1Q−2n,2

− 2Q0,2pn,1Q−n,1 − 2q0,2|Qn,1|2 + 7qn,3Q−n,1 −Qn,1q−n,3

+ q2n,2Q−2n,2 + 2pn,1Q−n,3 + 2q0,2Q0,2 − 6q0,4
]
/W(4′),

W(4′) =p0,1[Q
3
0,1 − 3Q0,1Q0,2 + 2Q0,3]− 3[q0,2(Q

2
0,1 −Q0,2) + 2(q0,4 − q0,3Q0,1)],

⟨⟨4′⟩⟩n =

∑N
i=1 ⟨4′⟩n(W(4′))i∑N

i=1(W(4′))i
.

(4.18)

Now all correlator pairs required for Equation 4.10 and Equation 4.12 have been calculated, the cumulants

cn, dn(pT) and harmonics vn and vn(pT) can be calculated using formula Equation 4.11 and Equation 4.13.

To verify the math used in Q-cumulant method, 2- and 4-particle cumulants were calculated using nested

loops in an event with 20 tracks. The results are shown to be identical with Q-cumulant method. The same

verification is also done in 3-subevent Q-cumulant method that will be explained in the next section.

Three-subevent Q-cumulants

To suppress further the non-flow correlations, rapidity gaps are applied in the MPC method using the

three-subevent Q-cumulant [149, 152, 169] The ID acceptance is divided equally into three subevents of

non-overlapping pseudorapidity ranges, indexed as a, b and c. The pseudorapidity ranges of these three

subevents are as follows,

−2.5 < ηa < −2.5

3
, |ηb| <

2.5

3
,
2.5

3
< ηc < 2.5. (4.19)

⟨2⟩a|bn ≡⟨ein(ϕa−ϕb)⟩

⟨4⟩a, a|b, cn ≡⟨ein(ϕa+ϕ′
a−ϕb−ϕc)⟩

(4.20)

where ϕsub indicates the azimuthal angle of a particle from the subevent sub. The prime label on azimuthal

angle ϕ′
a indicates that this is a second particle taken from subevent a, and it is a different particle from the

first particle from subevent a.
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By permuting the subevents, there are six configurations available for the 4-particle correlators,

Group A


a, a|b, c

b, b|c, a

c, c|a, b

Group B


a, b|a, c

b, c|b, a

c, a|c, b

(4.21)

Configurations from Group A are composed of two pairs of 2-particle correlations which correlate 2 different

subevents. For example, configuration a, a|b, c can be decomposed into a|b and a|c. Group B configurations

do contain same-subevent correlations and will boost local non-flow contributions by including a|a type of

2-particle correlators. Therefore, configurations from Group B are not included in the analysis.

The k-th power weighted flow vector for subevent a, Qa
n,k, is defined as,

Qa
n,k =

Ma∑
j=1

ωk
j un,j (4.22)

where Ma is the charged-particle multiplicity within subevent a. The three-subevent single-event reference

correlators and their corresponding event weights W(2) and W(4), calculated also using flow vectors where

n = 0, are defined as,

⟨2⟩a|bn ≡⟨ein(ϕa−ϕb)⟩ = Re
Qa

n,1Q
b
−n,1

W
a|b
(2)

,

W
a|b
(2) =Qa

0,1Q
b
0,1,

⟨⟨2⟩⟩a|bn =

∑N
i=1 ⟨2⟩

a|b
n (W

a|b
(2) )i∑N

i=1(W
a|b
(2) )i

.

(4.23)

⟨4⟩a, a|b, cn ≡⟨ein(ϕa+ϕ′
a−ϕb−ϕc)⟩ = Re

[(Qa
n,1)

2 −Qa
2n,2]Q

b
−n,1Q

c
−n,1

W
a, a|b, c
(4)

,

W
a, a|b, c
(4) =[(Qa

0,1)
2 −Qa

0,2]Q
b
0,1Q

c
0,1,

⟨⟨4⟩⟩a, a|b, cn =

∑N
i=1 ⟨4⟩

a, a|b, c
n (W

a, a|b, c
(4) )i∑N

i=1(W
a, a|b, c
(4) )i

.

(4.24)

where the superscript in event weights W(2) and W(4) corresponds to the track configuration of correlators.

Other configurations in Group A can be written by permutation of the subevent indices a,b and c.

The reference cumulants c
a, a|b, c
n {4} are calculated from the event-averaged correlators as,

c
a, a|b, c
n {4} =⟨⟨4⟩⟩a, a|b, cn − 2⟨⟨2⟩⟩a|bn ⟨⟨2⟩⟩a|cn . (4.25)

66



To boost the statistics and reduce η-dependent detector bias, the subevent index a is interchanged with b

and c to create two additional configurations. The weighted average of these three measurements is used to

obtain three-subevent reference cumulants c3-subn {4}, computed as,

c3-subn {4} ≡
(ΣW

a, a|b, c
(4) )c

a, a|b, c
n {4}+ (ΣW

b, b|c, a
(4) )c

b, b|c, a
n {4}+ (ΣW

c, c|a, b
(4) )c

c, c|a, b
n {4}

ΣW
a, a|b, c
(4) +ΣW

b, b|c, a
(4) +ΣW

c, c|a, b
(4)

(4.26)

This is computed for each centrality bin where W a
(4)re summed over events in that centrality bin. The

formulas for these reference correlators, presented with different notations, are detailed in Ref. [152].

Each reference correlator configuration of ⟨2⟩n is subdivided into two configurations of the differential flow

correlators by choosing each of the two particles as the POI. Similarly, each reference correlator configuration

of ⟨4⟩n is subdivided into four differential correlator configurations. For subevent a, the n-th order harmonic

k-th power weighted flow vector using only POIs is denoted by pan,k, which is defined for a given pT interval.

Similarly, the flow vector made from particles that are both REF and POI for a given pT interval is denoted

by qan,k for subevent a. These two flow vectors are calculated similarly to Equation 4.22. For ⟨4⟩n, two

formulas were provided: one for when the POI comes from a subevent within which two particles are selected,

as shown in Equation 4.28, and the other for when the POI is the only particle from its subevent, as shown

in Equation 4.29. A prime in the subevent index indicates that the subevent from which the POI of this

correlator is selected.

⟨2′⟩a
′|b

n = Re
pan,1Q

b
−n,1

W
a′|b
(2′)

,

W
a′|b
(2′) =pa0,1Q

b
0,1,

⟨⟨2′⟩⟩a
′|b

n =

∑N
i=1 ⟨2′⟩

a′|b
n (W

a′|b
(2′) )i∑N

i=1(W
a′|b
(2′) )i

.

(4.27)

⟨4′⟩a
′, a|b, c

n =⟨4′⟩a, a
′|b, c

n = Re
(pan,1Q

a
n,1 − qa2n,2)Q

b
−n,1Q

c
−n,1

W
a′, a|b, c
(4)

,

W
a′, a|b, c
(4) =(pa0,1Q

a
0,1 − qa0,2)Q

b
0,1Q

c
0,1.

(4.28)

⟨4′⟩a, a|b
′, c

n =Re
[(Qa

n,1)
2 −Qa

2n,2]p
b
−n,1Q

c
−n,1

W
a, a|b′, c
(4)

,

W
a, a|b′, c
(4) =[(Qa

0,1)
2 −Qa

0,2]p
b
0,1Q

c
0,1.

(4.29)

⟨⟨4′⟩⟩confign =

∑N
i=1 ⟨4⟩confign (W config

(4) )i∑N
i=1(W

config
(4) )i

. (4.30)

Other configurations can be written similarly by permuting the subevent indices. Similar to Equation 4.25,
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the differential cumulants are defined as,

d
a′, a|b, c
n {4}(pT) =⟨⟨4′⟩⟩a

′, a|b, c
n − 2⟨⟨2′⟩⟩a

′|b
n ⟨⟨2⟩⟩a|cn . (4.31)

Each of the three configurations for the reference cumulant corresponds to four configurations for the

differential cumulant. The averaged differential cumulant d3-subn {4}(pT) can be written in the same manner

as Equation 4.26 as the weighted average of all 12 sub-configurations (from three configurations of reference

flow cumulant) of ⟨⟨4′⟩⟩n, which will not be written out explicitly here. The three-subevent Q-cumulant vn{4},

denoted by v3-subn {4}, is defined as,

v3-subn {4}(pT) =
−d3-subn {4}(pT)
(−c3-subn {4})3/4

. (4.32)

Event combination procedure

In this analysis, the event-averaged cumulants cn{4} and dn{4}(pT) are firstly computed in narrower centrality

intervals, and then averaged toward wider centrality intervals in which the final results of vn are presented.

The choice of initial centrality intervals in which the cumulants are calculated defines an event combination

procedure. By default, cumulants are calculated within 1% centrality percentiles before combining. For

comparison, cumulants are also calculated within 2% centrality percentiles before combining and directly

calculated within the quoted centrality intervals for results. Results obtained following these procedures

are referred to later as ⟨1%⟩, ⟨2%⟩ and ⟨10%⟩, respectively. The final results are presented in 5% centrality

intervals for the most central 10% of events, and in 10% centrality intervals for all other events.

The choice of event combination procedure can affect the measured vn in different ways. High-pT particle

production is biased toward more central events, and therefore, for quantities measured using high-pT charged

particles, an average over a wide centrality interval is biased toward the more central edge of the interval.

Also, the event-by-event fluctuations in the underlying azimuthal anisotropy distributions are sensitive to

the event combination procedure. Therefore, observables are sensitive to the choice of the initial centrality

intervals in the pT range where the fluctuations are significant in comparison to the mean in the underlying

distribution. These fluctuations can stem from the initial state geometry or non-flow effects. It has been

shown in measurements of reference vn that the centrality resolution of the initial centrality intervals affects

the multi-particle cumulant measurements of vn due to fluctuations in non-flow effects [149, 152].
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4.5 Systematical uncertainties

The systematic uncertainties in this analysis arise form the choice of the rapidity ranges used in reference

v definitions, variation of tracks selection criteria, detector material uncertainties affecting reconstruction

efficiency and overall imperfections in the detector response. These uncertainties are evaluated by first

repeating the analysis with alternative pseudorapidity ranges, the selection criteria on tracks, or particle

weights, and then calculating the absolute differences in the measured vn values from the default results.

In addition to vn{SP} values, the difference between two vn{SP} measurements using tracks with non-

overlapping pseudorapidity ranges is also calculated. Only contributions of systematic uncertainties that are

uncorrelated between the two vn{SP} measurements of non-overlapping ranges are included in this quantity.

For this analysis, the charged-particle η-asymmetry and residual sine term uncertainties use non-overlapping

parts of sub-detectors and are therefore considered uncorrelated.

4.5.1 Systematical uncertainties of scalar product method

The following variations in analysis methods are done to estimate systematic uncertainties for the scalar

product method.

• Residual sine term

• Uncertainty in the tracking efficiency correction fitting procedure

• The effect of η-range of the FCal used to determine the Qn vectors

• Deviation from η-symmetric results

• Variation in the track selection

• Uncertainty due to centrality determination

The systematic uncertainties are calculated as deviations from the nominal values and propagated as absolute

uncertainties. All sources of systematic uncertainties are taken as uncorrelated, and the total systematic

uncertainty is calculated as the quadrature sum of the individual components. The upper systematic

uncertainty is determined by summing the positive deviations, while the lower is determined by summing

over the negative deviations.

pT and centrality rebinning in systematics

Systematic uncertainty terms are affected by limited statistics in high pT and peripheral events. To reduce

the effect of statistical fluctuations in systematic uncertainty evaluations, some bins are merged together in
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pT and centrality before computing the systematic uncertainties.

A summary of pT rebinning is shown in Table. 4.2 The pT limits only show merged bin edges while other

bins stay the same. For example, 8, 14, 35, 100 means bins within 8GeV and 100GeV are merged according

to the indicated bin edges 14 and 35 GeV only. Centrality rebinning are indicated in each subsection of

systematic uncertainty items.

Systematic Uncertainty pT [GeV ] bins for v2{SP} pT [GeV ] bins for v3{SP}
Residual Sine Term [8, 14, 35, 400] [8, 14, 100]
tracking efficiency correction [8, 14, 35, 400] [8, 14, 100]
η-range of the FCal [8, 14, 35, 400] [8, 14, 100]
η-symmetric [8, 14, 35, 400] [8, 14, 35, 100]
track selection [8, 14, 35, 400] [8, 14, 100]
centrality variation [8, 14, 35, 400] [8, 14, 35, 100]

Table 4.2: Summary of pT and centrality rebinning for v2{SP} and v3{SP}.

Residual sine term

For a detector with perfect azimuthal symmetry, the imaginary part of the scalar product should be zero.

Therefore, the imaginary part of the scalar product, referred to as the residual sine term, is used as a

systematic uncertainty,

Im{vn} =
Im⟨qn,jQ

N |P
n

∗
⟩

Rn
=

⟨|qn,j ||Q
N |P
n | sinn(ϕj −Ψ

N |P
n )⟩

Rn
(4.33)

Figures 4.12 to 4.13 show the relative Im{vn } as a function of pT for v2, and v3.
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Figure 4.12: The Im{v2} as a function of pT for the combined datasets in respective pT range and centrality
binning.
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Figure 4.13: The Im{v3} as a function of pT for the combined datasets in respective pT range and centrality
binning.

Tracking efficiency correction

Due to the random orientation of the Qn vectors for each event with respect to the ID and the slow change

in the tracking efficiency with respect to the pT bin sizes in this measurement, the analysis is expected to be

minimally sensitive to the tracking efficiency correction. Thus, the uncertainty associated with the tracking

efficiency correction is estimated by not correcting for the tracking efficiency at all.

Figs. 4.14–4.15 show the effect of this correction for v2 to v3.
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Figure 4.14: The difference of v2 using a fitted versus bin-wise efficiency correction as a function of pT for
combined dataset in respective pT range and centrality binning.
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Figure 4.15: The difference of v3 using a fitted versus bin-wise efficiency correction as a function of pT for
combined dataset in respective pT range and centrality binning.

η-range of the Qn vector determination

High-pT particles dominantly come from jet production. Since jets are largely produced in dijet pairs, the Qn

vector for a given event can be biased if the opposing jet from the dijet pair hits the region of the FCal used

to determine the Qn vector. This effect is minimized by increasing the η separation between the high-pT

particle and the region of the FCal used to determine the Qn vector.

In this measurement the particles of interest are already separated from the region of the FCal used to

determine the Qn vector by |η| > 3.2. In order to determine if there is any residual sensitivity to this choice,

the Qn vectors are evaluated with both the inner (3.2 < |η| < 4.0) and outer (4.0 < |η| < 4.9) regions of the

FCal.

The results of this check are shown in Figs. 4.16–4.17.
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Figure 4.16: The deviation from full range FCal by using only inner or outer half of FCal as a function of pT
in respective pT range and centrality binning for v2{SP}.
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Figure 4.17: The deviation from full range FCal by using only inner or outer half of FCal as a function of pT
in respective pT range and centrality binning for v3{SP}.
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The η symmetry of the vn results

It is expected that particles produced in a collision are emitted symmetrically with respect to the x-y plane

when averaged over many events. However, due to detector limitations and non-ideal efficiency corrections,

the measured flow signal, v, may differ when using only (η < 0) or (η > 0) range of inner detector to select

tracks. The relative difference of the vn values measured using charged particles with half ID from nominal

value, ∆n,N/P−nominal = (vn,N/P − vn,nominal)/vn,nominal is treated as a systematic uncertainty, where N

and P refer to the negative and positive η regions of the detector, respectively.

The uncertainty dependence on track pT and centrality is shown in Figures 4.18 to 4.19.
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Figure 4.18: The ∆2,N/P−nominal as a function of pT for the combined dataset in respective pT range and
centrality binning.
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Figure 4.19: The ∆3,N/P−nominal as a function of pT for the combined dataset in respective pT range and
centrality binning.
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Variation in the track selection

For the variation in the track selection, we tighten the tracking cuts. The values of these cuts that differ

from nominal tracking selection are shown in Table 4.3. The systematic uncertainty is taken as the difference

between the vn value with the nominal tracking selection and the “restrictive” cut.

This uncertainty is shown in Figures 4.20 to 4.21. Both pT and centrality rebinning are done to minimize

the effect of large statistical fluctuations.

Parameter Nominal Restrictive
Nhits IBL+BL (if both expected) ≥ 1 ≥ 2
Nhits SCT ≥ 8 ≥ 9
Nhits Pixel ≥ 2 ≥ 3

Table 4.3: Restrictive cut in Pb+Pb collisions.
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Figure 4.20: The difference in v2{SP} between using restrictive cut and using nominal cut as a function of
pT.
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Figure 4.21: The difference in v3{SP} between using restrictive cut and using nominal cut as a function of
pT.

Uncertainty in centrality determination

The centrality bin of this analysis is determined by ΣEFCal. By matching the 85% of Glauber-like data onto

the simulation, centrality boundaries are determined based on the corresponded simulated event. The amount

of data events matched can be varied by 1%, thus slightly changing the border of ΣEFCal when determining

centrality bin. The values of the up- ( 86%) and down-variation (84%) borders and how they were obtained

are documented in [180].

The systematic from centrality determination is made by putting the data into centrality bins according

to the up and down variation ΣEFCal borders, and the magnitude of this systematic are shown in Figures 4.22

to 4.23.
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Figure 4.22: The difference in v2{SP} between using variant version of centrality cuts and using nominal cut
as a function of pT.
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Figure 4.23: The difference in v2{SP} between using variant version of centrality cuts and using nominal cut
as a function of pT.
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Summary of systematic uncertainties for the scalar product method

All sources of systematic uncertainty are treated as independent and their absolute values are added together

in quadrature. The same systematic uncertainties are evaluated for vn{SP} results for the three ranges of

charged-particle pseudorapidity |η| < 1.1, 1.1 < |η| < 2.5 and |η| < 2.5. Shown here are the systematics for

results of pseudorapidity |η| < 2.5.

At high-pT, we expect that the systematic uncertainties have a large contribution from the sample size

in the data. A summary of systematic uncertainties’ magnitudes are shown in Figure 4.24 to Figure 4.25.

Overall the largest systematic uncertainty is from the η-range of the FCal used to determine the Qn vectors

and separation of positive and negative η-range of the inner detector.
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Figure 4.24: Magnitudes of systematics for v2{SP}.
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Figure 4.25: Magnitudes of systematics for v3{SP}.
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4.5.2 Systematical uncertainties of multi-particle cumulant method

The systematics for multi-particle cumulant method is similar to the integral flow multi-particle cumulant

measurements in Run I data [149, 181] as follow,

• Sine residual term in differential correlator (Imaginary part of Equation4.18, see vn{SP} sine residual

term definition in Section4.5.1)

• Variation in track selection (same as Section 4.5.1)

• Tracking efficiency correction (same as Section 4.5.1)

• Uncertainty in centrality determination (same as Section4.5.1)

Figures.4.26 to 4.30 shows the itemized and square summed systematic uncertainty values for v2{4}. And

Figures.4.31 to 4.35 shows the itemized and square summed systematics for v3{4}.
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Figure 4.26: The systematic uncertainty from residual detector effects shown as non-zero sine term for v2{4}
as a function of pT.
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Figure 4.27: The systematic uncertainty from using restrictive versus nominal tracking selections for v2{4}
as a function of pT.
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Figure 4.28: The systematic uncertainty from using fitted versus bin-wise tracking reconstruction efficiency
for v2{4} as a function of pT.
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Figure 4.29: The systematic uncertainty from using alternative ΣEFCal centrality cuts for v2{4} as a function
of pT.
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Figure 4.30: Magnitudes of systematics for v2{4}.
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Figure 4.31: The systematic uncertainty from residual detector effects shown as non-zero sine term for v3{4}
as a function of pT.
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Figure 4.32: The systematic uncertainty from using restrictive versus nominal tracking selections for v3{4}
as a function of pT.
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Figure 4.33: The systematic uncertainty from using fitted versus bin-wise tracking reconstruction efficiency
for v3{4} as a function of pT.
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Figure 4.34: The systematic uncertainty from using alternative Fcal energy centrality cuts for v3{4} as a
function of pT.
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Figure 4.35: Magnitudes of systematics for v3{4}.
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4.6 Results

This section shows measurements of vn using the SP method and the MPC method as a function of the

charged-particle pT for seven centrality intervals in Pb+Pb collisions: 0–5%, 5–10%, 10–20%, 20–30%,

30–40%, 40–50%, and 50–60%.

4.6.1 Scalar product method

Figure 4.36 shows the v2{SP} and v3{SP} values as functions of pT for the selected centrality intervals.

The measured v2{SP} values are positive for the selected centrality intervals up to a pT of 100 GeV, and

the measured v3{SP} values are positive up to approximately 25 GeV for the selected centrality intervals,

except for the 50–60% centrality interval. Figure 4.37 and Figure 4.38 show the consistency of the vn{SP}

measured for Pb+Pb collision for
√
s
NN

= 5.02 TeV at the LHC for the centrality interval 10–20%. Note that

in the two figures, two different pseudorapidity ranges are used for the ATLAS 2018 measurements from this

analysis. In Figure 4.37, the ATLAS 2015 measurements [122] quoted use the same pseudorapidity ranges of

ID and FCal with the ATLAS 2018 measurements, and the two results show good agreement. In Figure 4.38,

the CMS 2015 measurements [88] shown use tracks with pseudorapidity range |η| < 1.0 and calorimeters in

pseudorapidity range 3 < |η| < 5. Overall, good agreement is found between the ATLAS 2018 and the CMS

2015 measurements, except for v2{SP} in the pT range of 14-50 GeV, where the CMS 2015 measurements

yield higher values than the ATLAS 2018 measurements from this analysis.
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Figure 4.36: The (a) v2{SP} and (b) v3{SP} values as a function of charged-particle pT for centrality
intervals 0–5%, 20–30%, and 50–60%. The statistical uncertainties are shown as error bars and the systematic
uncertainties are shown as boxes.
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Figure 4.37: The (a) v2{SP} and (b) v3{SP} values as a function of charged-particle pT, for the 10–20%
centrality interval, compared with ATLAS 2015 measurements from Ref. [122] in the same charged particle and
calorimeter pseudorapidity ranges. The statistical uncertainties are shown as error bars and the systematic
uncertainties are shown as boxes.
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Figure 4.38: The (a) v2{SP} and (b) v3{SP} values as a function of charged-particle pT, for the 10–20%
centrality interval, compared with CMS 2015 measurements from Ref. [88], which uses charged particles
with pseudorapidity range |η| < 1.0 and calorimeter in pseudorapidity range 3 < |η| < 5. The statistical
uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Figure 4.39: The (a) v2 and (b) v3 values as a function of charged particle or jet pT, for the 10–20% centrality
interval, compared with ATLAS jet vn measurements from Ref. [87]. The statistical uncertainties are shown
as error bars and the systematic uncertainties are shown as boxes.

In Figure 4.39 and Figure 4.40, a comparison is made between the charged-particle vn{SP} measurements

from this analysis and the jet vn measurements from ATLAS using the event plane method, denoted as

vn{EP}, from Ref. [87]. The measured vn values are qualitatively similar between the jets and charged

particles in this pT range. These high-pT charged particles are from jet fragmentation but carry only a

fraction of a given jet’s pT.

Measurements of vn{SP} using two non-overlapping pseudorapidity ranges of tracks are compared in

Figure 4.41 for n = 2 and Figure 4.42 for n = 3. The pseudorapidity range 1.1 < |η| < 2.5 corresponds to

a greater average pseudorapidity gap between the tracks and correlated reference Qn than |η| < 1.1. At

pT < 10 GeV for both centrality intervals shown, tracks with the pseudorapidity range 1.1 < |η| < 2.5

yield smaller values both v2{SP} and v3{SP} than tracks with the pseudorapidity range |η| < 1.1. With a

larger pseudorapidity gap imposed, certain non-flow effects are better suppressed, while the longitudinal

decorrelation effects in the event plane become stronger [146], both of which reduce the measured values of vn.

At 10 < pT < 20 GeV for the 10–20% centrality interval, the v2{SP} difference is similar to the low-pT region,

while v3{SP} difference becomes consistent with zero, whereas for the 40–50% centrality interval, tracks with

the pseudorapidity range 1.1 < |η| < 2.5 yield smaller v2{SP} values but larger v3{SP} values than tracks

with the pseudorapidity range |η| < 1.1. In this pT range, particle production is dominated by jets. The

observed contrasting behavior of v2{SP} and v3{SP} is consistent with a non-flow dijet contamination, which

contributes positively to even-order harmonics and negatively to odd-order harmonics.
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Figure 4.40: The (a) v2{SP} and (b) v3{SP} values as a function of charged particle or jet pT, for the charged
particle centrality intervals 40–50% and 50–60%, compared with ATLAS jet vn measurements from Ref. [87].
The statistical uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Figure 4.41: The v2{SP} values as a function of charged-particle pT for (a) 10–20% and (b) 40–50% for
different pseudorapidity ranges. The bottom panel shows the difference in the v2{SP} measured between the
two ranges. The statistical uncertainties are shown as error bars and the systematic uncertainties are shown
as boxes.
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Figure 4.42: The v3{SP} values as a function of charged-particle pT for (a) 10–20% and (b) 40–50% for
different pseudorapidity ranges. The bottom panel shows the difference in the v3{SP} measured between the
two ranges. The statistical uncertainties are shown as error bars and the systematic uncertainties are shown
as boxes.
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4.6.2 Multi-particle cumulant method

Measurements of vn{4} with the MPC method with standard Q-cumulants using the ⟨1%⟩ event combination

procedure are shown in Figure 4.43. Due to statistical limitations, v3{4} is measured only up to the 50%

most central events. As explained in Section 4.4.2, 0–5% central events are omitted for v2{4} to avoid

imaginary-valued reference v2{4}. At high pT, above 10 GeV, the v2{4} values for 5–40% decrease with pT

across the measured range. In contrast, for the 40–50%, peripheral events, values of v2{4} decrease with pT

up to approximately 20 GeV and then increases above pT of 30 GeV. Meanwhile, values of v3{4} become

approximately constant above 8 GeV, with an upward an upward fluctuations between approximately 8 and

10 GeV for some centrality intervals.
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Figure 4.43: (a) v2{4} and (b) v3{4} using standard Q-cumulants for centrality intervals 5–10%, 10–20%,
30–40%, and 40–50%. The statistical uncertainties are shown as error bars and the systematic uncertainties
are shown as boxes.

The flattening and slight increase of vn with pT in peripheral events could arise from non-flow effects. A

comparison is made between the standard Q-cumulant result vn{4} and three-subevent Q-cumulant results

v3-subn {4} to further understand the role of non-flow effects. Note that v3-sub3 {4} are only measured up to

pT = 35 GeV and the most central 50% collisions due to significant statistical fluctuations. As shown in

Figure 4.44, values of v3-subn {4} agree with vn{4} for central events, and deviate from vn{4} in peripheral

events at high-pT. The pT and centrality dependence of this deviation is consistent with a suppression of

short-range non-flow correlations by the three-subevent cumulants. As has been shown in Ref. [169], these

non-flow correlations have a more significant effect in events of smaller charged-particle multiplicity. Different

behaviors are observed for v3-sub2 {4} and v3-sub3 {4} in the 40–50% centrality interval. For pT > 20 GeV, the
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values of v3-sub2 {4} become nearly constant, whereas the values of v3-sub3 {4} continue to decrease for higher

pT. The contrasting behavior between ellipticity and triangularity in the high pT region is consistent with

contamination from dijet production, which contributes positively to even-order harmonics and negatively

to odd-order harmonics and has a bigger impact in more peripheral events. In these measurements, dijet

contributions are more pronounced in the MPC method than the SP method, and can arise from the narrower

pseudorapidity range used for the MPC method.
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Figure 4.44: Comparison between standard and three-subevent Q-cumulants for v2{4} in centrality intervals
(a) 10–20% and (b) 40–50%, and for v3{4} in centrality intervals (c) 10–20%, and (d) 40–50%. The statistical
uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.

The vn values measured with four-particle cumulants are sensitive to the mean value as well as fluctuations

of the underlying distributions, which includes contributions from both non-flow effects and initial state

geometry [132]. To better understand how the event-by-event distributions of non-flow effects and the initial
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state geometry contribute to the measurements of vn, comparisons of vn{4} using different event combination

procedures are shown in Figure 4.45 and Figure 4.46. In all centrality and pT ranges measured, the ⟨2%⟩ results

converge to those obtained with the default ⟨1%⟩ procedure, indicating that centrality-resolution-related

fluctuations are negligible in these measurements when using the ⟨1%⟩ procedure. In the low-pT region,

the event combination procedure affects the fluctuation terms but not the mean value of the underlying

distribution, whereas in the high-pT region, computing cumulants directly in a wider centrality interval also

biases the mean of measurements toward more central events.

Figure 4.45 shows that for v2 the impact of the choice of event combination procedure is dependent

on centrality, pT, and less pronounced in three-subevent cumulants. In the central 10–20% events, the

difference is vanishingly small for both v2{4} and v3-sub2 {4}. In peripheral events, a more significant difference

between ⟨10%⟩ and ⟨1%⟩ is observed for v2{4} than for v3-sub2 {4} toward the high-pT region. The difference

between different event combination procedures shows a dependence on centrality, pT, and the three-subevent

cumulants similar to that of non-flow effects, suggesting the four-particle cumulant v2 is primarily sensitive to

non-flow fluctuations. Similar observations have been made in studies of low-pT flow [149, 152]. Additionally,

high-pT particle production is more biased toward central collisions, further increasing the difference in that

region.

Figure 4.46 shows a comparison between different event combination procedures for v3{4} and v3-sub3 {4}.

It can be seen that the difference between ⟨10%⟩ and ⟨1%⟩ is substantial in central and peripheral events

for both the standard and the three-subevent cumulants, without a strong dependence on centrality or pT.

This shows that v3 values are more sensitive to fluctuations in initial geometry than those in non-flow effects.

It has been found in the measurements of reference flow that the fluctuations of v3 are more significant

relative to the mean in comparison to v2 [182]. Results from Figure 4.45 and Figure 4.46 suggests that

event-by-event initial geometry fluctuations are more pronounced in the triangularity of the initial geometry

than the ellipticity.

Figure 4.47 shows a comparison between the SP method and the three-subevent Q-cumulant MPC

method using the default ⟨1%⟩ event combination procedure. The v3-sub3 {4} results are truncated at a pT of

35 GeV due to limited statistics. Values of vn{SP} are greater than v3-subn {4}, as predicted in Ref. [135] for

Bessel-Gaussian or elliptic power vn distributions, in the low-pT region across all centrality intervals for both

v2 and v3. At pT > 10 GeV, the comparison between the two methods contains information about how hard

scattered partons respond to the event-by-event distribution of the initial state QGP geometry. Different

behaviors are observed for different centrality intervals. In central events, vn{SP} > v3-subn {4} and up to pT

of approximately 15 GeV for both v2 and v3. The similarity between high-pT and low-pT region suggests
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Figure 4.45: Comparison between ⟨1%⟩, ⟨2%⟩, and ⟨10%⟩ event combination procedures for v2{4} in centrality
intervals (a) 10–20% and (b) 40–50%, and for v3-sub2 {4} in centrality intervals (c) 10–20%, and (d) 40–50%.
The statistical uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.

that the azimuthal anisotropies in high-pT region are strongly affected by the initial geometry of the QGP.

In peripheral events, the two methods converge with increasing pT in v2, whereas in v3 they diverge from

each other for pT > 10 GeV. This difference between v2 and v3 suggests residual non-flow dijet contributions,

which have greater impact in peripheral events. It should be noted that other non-flow correlations, the effects

of the event combination procedure, and event plane longitudinal decorrelation are also more pronounced in

peripheral events. The differences observed in peripheral collisions could arise from multiple effects.

92



1 10
 [GeV]

T
p

0

0.02

0.04

0.06

0.08

0.1

{4
}

3v

〉1%〈
〉2%〈

〉10%〈

-1bµ = 5.02 GeV, 435 NNsPb+Pb 
ATLAS Internal 10-20%

| < 4.9
FCal

η| < 2.5, 3.2 < |
trk

η|

(a)

1 10
 [GeV]

T
p

0

0.02

0.04

0.06

0.08

0.1

{4
}

3v
〉1%〈
〉2%〈

〉10%〈

-1bµ = 5.02 GeV, 435 NNsPb+Pb 
ATLAS Internal 40-50%

| < 4.9
FCal

η| < 2.5, 3.2 < |
trk

η|

(b)

1 10
 [GeV]

T
p

0.01−

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

{4
}

3-
su

b
3v

〉1%〈
〉2%〈

〉10%〈

-1bµ = 5.02 GeV, 435 NNsPb+Pb 
ATLAS Internal 10-20%

| < 4.9
FCal

η| < 2.5, 3.2 < |
trk

η|

(c)

1 10
 [GeV]

T
p

0.15−

0.1−

0.05−

0

0.05

0.1

{4
}

3-
su

b
3v

〉1%〈
〉2%〈

〉10%〈

-1bµ = 5.02 GeV, 435 NNsPb+Pb 
ATLAS Internal 40-50%

| < 4.9
FCal

η| < 2.5, 3.2 < |
trk

η|

(d)

Figure 4.46: Comparison between ⟨1%⟩, ⟨2%⟩, and ⟨10%⟩ event combination procedures for v3{4} in centrality
intervals (a) 10–20% and (b) 40–50%, and for v3-sub3 {4} in centrality intervals (c) 10–20%, and (d) 40–50%.
The statistical uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Figure 4.47: Comparison between the vn{SP} results and v3-subn {4} for n = 2 in centrality intervals (a)
10–20% and (b) 40–50%, and for n = 3 in centrality intervals (c) 10–20%, and (d) 40–50%. The statistical
uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Chapter 5

Summary and conclusions

The quark gluon plasma (QGP) is a novel state of matter in which partons become deconfined under extreme

temperature and density. The QGP are produced in the ultrarelativistic heavy ion collisions at facilities

such as the RHIC and the LHC. Partons from hard scatterings in these collisions traverse through the QGP

and lose energy to the medium. The study of angular modulation of hard probes, such as high-pT charged

particles, provide key insights for the short-distance strong interactions within the QGP.

This thesis describes the measurements of azimuthal anisotropies of charged particles in Pb+Pb collisions

at
√
s
NN

= 5.02 TeV, using a data set corresponding to an integrated luminosity of 435 µb−1 collected with

the ATLAS detector at the LHC in 2018. The azimuthal anisotropy coefficients, vn, are measured using

the scalar product and multi-particle cumulant methods for n = 2 and n = 3. Positive values of v2 and

v3 are observed in mid-central collisions for charged particles with pT > 10 GeV. In this region, charged

particles dominantly come from the fragmentation of jets. These measurements will provide new information

to constrain the path-length dependence of jet quenching in Pb+Pb collisions. Meanwhile, the effects of

non-flow contributions, longitudinal decorrelation, and different strategies for constructing multi-particle

cumulants are evaluated before a comparison between the two methods is presented.

The pT-differential vn{SP} values are measured over the charged particles with a pseudorapidity range

|η| < 2.5 and a pT up to 400 GeV in several centrality intervals spanning the 0–60% most central collisions.

In mid-central collisions, the v2{SP} values are found to remain positive up to 100 GeV with a value of 1–2%;

the v3{SP} values are found to be positive up to approximately 25 GeV. These results are consistent with

previous measurements from the LHC experiments in the overlapping pT, pseudorapidity, and centrality

ranges. The increased luminosity and implemented data taking innovations resulted in a larger data set that

has allowed for improved precision at high pT.

The pT-differential vn{SP} values are measured and compared across two additional pseudorapidity

ranges: |η| < 1.1 and 1.1 < |η| < 2.5, with pT = 1-100 GeV. In the low-pT region, larger pesudorapidity gap

decreases both v2{SP} and v3{SP}. This change can arise from decreased non-flow effects and increased

longitudinal decorrelation, both of which decrease v2{SP} as well as v3{SP} values. In contrast to that, at
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high-pT region larger pseudorapidity gap decreases v2{SP} but increases v3{SP} values, suggesting non-flow

dijet contributions.

Using the multi-particle cumulant method, the values of v2{4} are measured for charged particles

with pT = 1–100 GeV, over the pseudorapidity range |η| < 2.5 and a centrality range of 0–60%. These

measurements were carried out using the ⟨1%⟩ event combination procedure. For pT > 10 GeV, it is observed

that the three-subevent Q-cumulants suppress positive, short-range non-flow contributions in comparison to

the standard Q-cumulants. Meanwhile, non-flow dijet contributions are still observed with the three-suebvent

Q-cumulants. Measurements of v2{4} and v3{4} using two additional event combination procedures, ⟨2%⟩

and ⟨10%⟩, were also performed and compared to results using the ⟨1%⟩ procedure. It is observed that for

v2{4}, the event combination procedure affects non-flow contributions primarily, whereas, for v3{4}, initial

geometry contributions are more significantly affected.

The vn values measured with the SP method are larger than those measured with the MPC method in

the low-pT region, as expected from theoretical predictions. A positive v2 and v3 in the high-pT charged

particles suggest that the energy loss of the hard-scattered partons is influenced by the event-by-event initial

geometry of the QGP. In the high-pT region, the difference between the SP and the MPC methods decreases

toward zero for n = 2 but increases for n = 3 for peripheral events, suggesting an increased impact of the

remaining non-flow dijet contributions.

Using a bigger dataset collected using the ATLAS detector, a systematic study on the centrality, rapidity,

pT and order-of-cumulant dependence of v2 and v3 is conducted in the hard sector. At these pT ranges,

charged particles dominantly come from the fragmentation of jets. These measurements will provide new

information to constrain the path-length dependence of jet quenching in Pb+Pb collisions and facilitate the

development of currently missing theoretical calculations on particle flows.
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Appendix A: Additional pile-up
rejections

A.1 Introduction

The 2018 PbPb dataset used in this analysis is composed of 44 runs1, and the first 20 runs have bunch

spacing of 100 ns while the later 24 runs have bunch spacing of 75 ns for faster event rate. Due to this change

in run condition, a time-dependence is found in some measured quantities, the multi-particle correlators

⟨⟨4⟩⟩n and ⟨⟨2⟩⟩n as well as the cumulant cn{4}. The detailed definition of correlators ⟨⟨4⟩⟩n and ⟨⟨2⟩⟩n as well

as its related variable cn{4} can be found in Section 4.4.2. This section explains the run-dependence behavior

of correlators and a systematic study on additional event rejections required for this analysis to reduce this

dependence.

For testing purpose, a smaller minimum bias dataset using high level trigger (HLT) minbias triggers are

used in this study, labeled as MB in this section. The triggers used for MB have same requirements as the

larger partial event building (PEB) dataset used in this analysis (See Section 4.2.1 for details). Different from

the PEB dataset, the MB triggers are determined at HLT instead of level-1 (L1) (for details of HLT and L1,

see Section 2.2.4). The PEB dataset has approximately 10 times number of events in comparison to MB.

Unless labelled otherwise, the tracks used in this section pass the same tracking selections required in this

analysis except for the minimum pT requirement of 1GeV. To understand the reasons of the run-dependence

observed, the tracks used in this Appendix goes down to 0.5GeV, which is the lower limit of ATLAS track

reconstruction. Events going into this section go through the standard ATLAS online selections as the PEB

dataset.

All error bars are statistical only in this section.

1A “run” in a dataset refers to a successive period of data production and acquisition.
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Figure A.1: Left: A centrality dependent comparison of cn{4} values between an earlier run and a later run.
Right: Values of cn{4} versus run number for centrality 0–2%.

A.2 Run-by-run difference

As shown in Figure A.1 and Fig A.2, when analyzed using default track selections and corrections explained

in Section 4.3 (labeleded in figures as ”Nominal corrections”), an obvious run-dependence is seen. This

effect is the most obvious in central events. In the following sections, study results are shown for the 0–2%

centrality where the most tracks are available for improved statistics. A comparison between before and after

the additional cuts for c2{4} and c3{4} in full centrality ranges are available in the Section A.3.

A set of tests were done to understand what corrections to which this dependence is sensitive to.

A.2.1 Run-dependence versus out-of-time pileup Rejections

Out-of-time pile-up rejections are done using the ΣEFCal
T versus Nch distribution as described in Section 4.2.3.

It is observed that in later runs, there are more events with ⟨4⟩n significantly higher than the rest of events,

neighboring the out-of-time pile-up events with higher than expected ΣEFCal
T , as shown in Figure A.3. It can

also be seen that there are more out-of-time pile-up events in the later runs. Events with distorted FCal

measurements could lead to mixing of centrality. As correlators have strong dependence on the centrality,

this could lead to a bias in the measurement.

Different levels of OOTP rejections from the positive ΣEFCal side are experimented and tested against

values of c4{4}, as seen in Figure A.4. For this analysis, a rejection level of 1σ from central was selected,

which rejects ≈ 15% of events nearly independent of centrality. In this section, the tests to understand

run-dependence is done with lowest reconstructed pT for the tracks to identify biggest difference and boost

statistics. The run-by-run results are consistent with each other when using tracks with pT > 1 GeV, as
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Figure A.2: Top left: Values of ⟨⟨4⟩⟩n versus run number for centrality 0–2%. Top right: Values of ⟨⟨4⟩⟩n
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Figure A.3: Left: Mean 4-particle correlators ⟨⟨4⟩⟩n on a Nch versus ΣEFCal
T map from an earlier run with

100 ns bunch spacing. Right: Mean 4-particle correlators ⟨⟨4⟩⟩n on a Nch versus ΣEFCal
T map from an later

run with 75 ns bunch spacing.

shown in Figure A.5.

A.2.2 Run-dependence versus in-time pile-up rejections

In-time pile-up rejections are done using the anti-correlation between ZDC measurements of spectator

neutrons and ΣEFCal in the nominal results, as explained in Section 4.2.3. Tighter selections are done on

MB dataset to experiment whether the run-dependence is sensitive to this rejection. As shown in Figure A.6,

rejecting events outside of 1σ or 3σ on Nneutron distribution does not affect run-dependence of ⟨⟨4⟩⟩n in

centrality 0–2%.
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Figure A.4: Run-by-run differences in centrality 0–2% with different σ of OOTP rejections. Left plot shown
is for ⟨⟨4⟩⟩n and right hand side plot shown is for c4{4}.
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Figure A.5: Run-by-run differences in centrality 0–2% with different σ of OOTP rejections. Left plot shown
is for ⟨⟨4⟩⟩n and right hand side plot shown is for c4{4}.
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Figure A.6: Left: 1σ and 3σ points used to reject events based on Nneutron. Right: Comparison of c4{4}
results using additional ITP rejections at different σ and not using this rejection.

A.2.3 Run-dependence versus detector non-uniformity flattening

Detector non-uniformity flattening procedures are explained in Section 4.3.1. The flattening can be done on a

run-by-run basis or through all runs. See Figure A.7 for the ratio of track weighting maps for individual runs

and Figure A.8 for the ratio of the flattened track distributions. Shown in red label are runs with cn{4} being

positive for 0–2%, and blue colored run labels have negative cn{4} in this centrality. Both the weighting map

and the flattened distribution do not show obvious trend with respect to the sign of cn{4} value. Using a

run-by-run or run-averaged map does not significantly change the overall values or run-dependence, as shown

in Figure A.9. Using track weighting does globally shifts the measured cumulants, but does not change the

extent of run-dependence.
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Figure A.7: Ratio of phi-flattening track weights of each run to first run. Dataset used is MinBias stream.
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Figure A.8: Ratio of phi-flattening weighted track distributions of each run to first run. Dataset used is
MinBias stream.
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Figure A.9: Comparison of the effect of different weighting maps on cn{4} run-dependence.
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To verify whether the remaining fluctuations in phi-flattened track distributions is related with run-

fluctuations in any other ways, a weighting scheme based on MC is used for testing purpose only. This is

referred to as the ”Truth-based weight” in the following tests. This weight is extracted by replacing the real

η distribution of reconstructed tracks in each run with the η distribution of tracks from HIJING MC, and

weight the run-by-run map by Nch of the run, thus eliminating any η difference in the weighted distributions.

The phi-flattening weight now becomes,

ω(ϕ, η) =
Nη

truth

64Nϕ,η
reco

Nreco

Ntruth
(1)

The truth η distribution, truth-based weighting map and weighted track distributions are shown in

Figure A.10. After this procedure all runs are identical in their weighted track distribution. As shown in

Figure A.11, the truth weighting does not affect run-dependence of ⟨⟨4⟩⟩n.
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Figure A.10: Left: Truth track distribution as a function of η using MC HIJING. Middle: Track weights
made based on truth track η distribution. Right: Truth weighted track distribution.
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Figure A.11: Comparison of run-by-run truth weighted and run-by-run reconstructed track weighted c4{4}
using MinBias stream data in centrality 0–2%.

A.2.4 Run-dependence versus flow vector recentering

The flow vector recentering shifts mean flow vectors of inner detectors and FCals to zero, as explained in

Section 4.3.1. It corrects for the residual detector effects that are centrality dependent and finer scale than

grid of the ϕ-direction non-uniformity flattening. After run-by-run ϕ-direction non-uniformity flattening,

the mean flow vector ⟨Qn⟩ has very small run-dependence, as shown in Figure A.13. It can be seen from

Figure A.13 that the recentering correction does not change run-dependence of c4{4}.
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Figure A.12: Left: Mean Q(4, x) as a function of centrality, when tracks are weighted by all-run averaged
phi-flattening. Right: Mean Q(4, x) as a function of centrality, when tracks are weighted by a run-by-run
based phi-flattening.
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Figure A.13: Comparison of c4{4} run-dependence in 0–2% using run-by-run phi-flattening before and after
inner detector recentering.

A.2.5 Run-dependence versus zvtx-dependent weighting map

The weighting map used in this analysis uses a zvtx-dependent weighting map, as explained in Section 4.3.1.

It is important to verify whether the exclusion of η bins and utility of zvtx-dependent map systematically

shift the observables. It can be seen from Figure A.14 that using either a single, zvtx inclusive weighting map

or using zvtx-dependent map and η-bin exclusion does not change run-dependence or value of c4{4}.
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Figure A.14: Comparison of c4{4} run-dependence in 0–2% using zvtx dependent with η exclusion versus
with zvtx inclusive map.

A.3 Additional centralities

A comparison between before and after the additional cuts for c2{4} and c3{4} in full centrality ranges for

tracks with pT > 1 GeV to verify that this additional OOTP rejections do not add any systematic shifts

to the observables. Included in the auxiliary materials are the following plots. Run-by-run cumulants of v2

and v3 for particles of pT 1–5 GeV by using 4σ versus 1σ OOTP rejections on the positive ΣEFCal
T side, in

Figure A.15 to Figure A.18.
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Figure A.15: Values of c2{4} versus run number for centrality (a) 0–2%, (b) 2–5%, (c) 5–10%, and (d) 10–20%
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Figure A.16: Values of c2{4} versus run number for centrality (a) 20–30%, (b) 30–40%, (c) 40–50%, and (d)
50–60%.
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Figure A.17: Values of c3{4} versus run number for centrality (a) 0–2%, (b) 2–5%, (c) 5–10%, and (d) 10–20%
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Figure A.18: Values of c3{4} versus run number for centrality (a) 20–30%, (b) 30–40%, (c) 40–50%, and (d)
50–60%.
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Appendix B: Result plots in other
centrality intervals

A list of data points not shown in the main body of Section 4.6: Results is included here.

Measurements of v2{SP} and v3{SP} as a function of pT in various centralities are shown in Figure B.1.

Comparison of v2{SP} with ATLAS SP method measurements from Ref. [122] as a function of pT in

various centralities, charged particles pseudorapidity |η| < 2.5 are shown in Figure B.2.

Comparison of v3{SP} with ATLAS SP method measurements from Ref. [122] as a function of pT in

various centralities, charged particles pseudorapidity |η| < 2.5 are shown in Figure B.3.

Comparison of v2{SP} with CMS SP method measurements from Ref. [88] as a function of pT in various

centralities are shown in Figure B.4.

Comparison of v3{SP} with CMS SP method measurements from Ref. [88] as a function of pT in various

centralities are shown in Figure B.5.

Comparison of v2{SP} with CMS SP method measurements from Ref. [88] and ATLAS jet Event Plane

method measurements from Ref. [87] as a function of pT in varioud centralities, zooming in high-pT region,

are shown in Figure B.11.

Comparison of v3{SP} with CMS SP method measurements from Ref. [88] and ATLAS jet Event Plane

method measurements from Ref. [87] as a function of pT in varioud centralities, zooming in high-pT region,

are shown in Figure B.12.

Comparisons of v2{SP} in two different pseudorapidity ranges for different centralities are shown in

Figure B.6 to Figure B.8.

Comparisons of v3{SP} in two different pseudorapidity ranges for different centralities are shown in

Figure B.9 to Figure B.10.

Measurements of v2{4} and v3{4} as a function of pT in various centralities are shown in Figure B.13.

Comparion of MPC method measurements v2{4} using standard and three-subevent Q-cumulants as a

function of pT in various centralities are shown in Figure B.14.

Comparion of MPC method measurements v3{4} using standard and three-subevent Q-cumulants as a

function of pT in various centralities are shown in Figure B.15.
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Comparison of MPC method measurements v2{4} using standard Q-cumulants between different event

classes as a function of pT in various centralities are shown in Figure B.16.

Comparison of MPC method measurements v3-sub2 {4} using three-subevent Q-cumulants between different

event classes as a function of pT in various centralities are shown in Figure B.17.

Comparison of MPC method measurements v3{4} using standard Q-cumulants between different event

classes as a function of pT in various centralities are shown in Figure B.18.

Comparison of MPC method measurements v3-sub3 {4} using three-subevent Q-cumulants between different

event classes as a function of pT in various centralities are shown in Figure B.19.

Comparison of v2 measurements using MPC method with three-subevent Q-cumulants in 1% event class

and using SP method as a function of pT in various centralities are shown in Figure B.20.

Comparison of v3 measurements using MPC method with three-subevent Q-cumulants in 1% event class

and using SP method as a function of pT in various centralities are shown in Figure B.21.
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Figure B.1: The (a) v2{SP} and (b) v3{SP} values as a function of charged-particle pT for different centrality
intervals. The statistical uncertainties are shown as error bars and the systematic uncertainties are shown as
boxes.
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Figure B.2: The v2{SP} values as a function of particle pT, for the (a) 5–10%, (b) 5–10%, (c) 20–30%, (d)
30–40%, (e) 40–50%, and (f) 50–60% centrality interval, compared with ATLAS 2015 measurements [122] in
the same charged particle and calorimeter pseudorapidity ranges. The statistical uncertainties are shown as
error bars and the systematic uncertainties are shown as boxes.
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Figure B.3: The v3{SP} values as a function of particle pT, for the (a) 0–5%, (b) 5–10%, (c) 20–30%, (d)
30–40%, (e) 40–50%, and (f) 50–60% centrality interval, compared with ATLAS 2015 measurements [122] in
the same charged particle and calorimeter pseudorapidity ranges. The statistical uncertainties are shown as
error bars and the systematic uncertainties are shown as boxes.
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Figure B.4: The v2{SP} values as a function of particle pT, for the (a) 0–5%, (b) 5–10%, (c) 20–30%, (d)
30–40%, (e) 40–50% and (f) 50–60% centrality interval, compared with CMS 2015 measurements from
Ref. [88], which uses charged particles with pseudorapidity range |η| < 1.0 and calorimeter in pseudorapidity
range 3 < |η| < 5. The statistical uncertainties are shown as error bars and the systematic uncertainties are
shown as boxes.
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Figure B.5: The v3{SP} values as a function of particle pT, for the (a) 0–5%, (b) 5–10%, (c) 20–30%, (d)
30–40%, (e) 40–50% and (f) 50–60% centrality interval, compared with CMS 2015 measurements from
Ref. [88], which uses charged particles with pseudorapidity range |η| < 1.0 and calorimeter in pseudorapidity
range 3 < |η| < 5. The statistical uncertainties are shown as error bars and the systematic uncertainties are
shown as boxes.
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Figure B.6: The v2{SP} values as a function of charged-particle pT for (a) 0–5% and (b) 5–10% for different
pseudorapidity ranges. The bottom panel shows the difference in the v2{SP} measured between the two
ranges. The statistical uncertainties are shown as error bars and the systematic uncertainties are shown as
boxes.
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Figure B.7: The v2{SP} values as a function of charged-particle pT for (a) 20–30% and (b) 30–40% for
different pseudorapidity ranges. The bottom panel shows the difference in the v2{SP} measured between the
two ranges. The statistical uncertainties are shown as error bars and the systematic uncertainties are shown
as boxes.
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Figure B.8: The v2{SP} values as a function of charged-particle pT for 50–60% for for different pseudorapidity
ranges. The bottom panel shows the difference in the v2{SP} measured between the two ranges. The
statistical uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Figure B.9: The v3{SP} values as a function of charged-particle pT for (a) 0–5% and (b) 5–10% for different
pseudorapidity ranges. The bottom panel shows the difference in the v3{SP} measured between the two
ranges. The statistical uncertainties are shown as error bars and the systematic uncertainties are shown as
boxes.
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Figure B.10: The v3{SP} values as a function of charged-particle pT for (a) 20–30% and (b) 30–40% for
different pseudorapidity ranges. The bottom panel shows the difference in the v3{SP} measured between the
two ranges. The statistical uncertainties are shown as error bars and the systematic uncertainties are shown
as boxes.
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Figure B.11: The v2{SP} values as a function of particle pT, for the (a) 0–5%, (b) 5–10%, (c) 40–50% and
50–60% centrality intervals (in centrality intervals of the charged particle results), compared with ATLAS jet
vn measurements from Ref. [87].
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Figure B.12: The v3{SP} values as a function of particle pT, for the (a) 0–5%, (b) 5–10%, (c) 40–50% and
50–60% centrality intervals (in centrality intervals of the charged particle results), compared with ATLAS jet
vn measurements from Ref. [87].
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Figure B.13: The (a) v2{4} and (b) v3{4} values as a function of charged-particle pT for different centrality
intervals. For v2{4}, 10–20%, 30–40% and 50–60% are shown, and for v3{4}, 0–5%, 10–20%, and 30–40% are
shown. The statistical uncertainties are shown as error bars and the systematic uncertainties are shown as
boxes.
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Figure B.14: v2{4} comparison between standard and three-subevent Q-cumulants in centrality intervals (a)
5–10%, (b) 20–30$, (c) 30–40%, and (d) 50–60%. Error bars shown are from statistical uncertainty and box
shows systematics uncertainty.
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Figure B.15: v3{4} comparison between standard and three-subevent Q-cumulants in centrality intervals (a)
0–5%, (b) 5–10$, (c) 20–30%, and (d) 30–40%. Error bars shown are from statistical uncertainty and box
shows systematics uncertainty.
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Figure B.16: Comparison between ⟨1%⟩, ⟨2%⟩ and ⟨10%⟩ (⟨5%⟩ for the centrality interval 5–10%) combination
procedures for v2{4} in centrality range (a) 5–10%, (b) 20–30%, (c) 30–40% and (d) 50–60%. The statistical
uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Figure B.17: Comparison between ⟨1%⟩, ⟨2%⟩ and ⟨10%⟩ (⟨5%⟩ for the centrality interval 5–10%) combination
procedures for v3-sub2 {4} in centrality range (a) 5–10%, (b) 20–30%, (c) 30–40% and (d) 50–60%. The statistical
uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Figure B.18: Comparison between ⟨1%⟩, ⟨2%⟩ and ⟨10%⟩ (⟨5%⟩ for the centrality interval 0–10%) combination
procedures for v3{4} in centrality range (a) 0–5%, (b) 5–10%, (c) 20–30% and (d) 30–40%. The statistical
uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Figure B.19: Comparison between ⟨1%⟩, ⟨2%⟩ and ⟨10%⟩ (⟨5%⟩ for the centrality interval 0–10%) combination
procedures for v3-sub3 {4} in centrality range (a) 0–5%, (b) 5–10%, (c) 20–30% and (d) 30–40%. The statistical
uncertainties are shown as error bars and the systematic uncertainties are shown as boxes.
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Figure B.20: Comparison between the v2{SP} results and v3-sub2 {4} in centrality intervals (a) 5–10%, (b)
20–30%, (c) 30–40% and (d) 50–60%. The statistical uncertainties are shown as error bars and the systematic
uncertainties are shown as boxes.
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Figure B.21: Comparison between the v3{SP} results and v3-sub3 {4} in centrality intervals (a) 0–5%, (b)
5–10%, (c) 20–30% and (d) 30–40%. The statistical uncertainties are shown as error bars and the systematic
uncertainties are shown as boxes.
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