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The strong nuclear force that is responsible for binding together protons and neu-
trons within atomic nuclei - and responsible for forming the nucleons themselves -
can be explained by a quantum field theory known as Quantum Chromodynamics
(QCD). At extreme temperatures and pressures, QCD predicts the formation of a
new state of nuclear matter called the Quark Gluon Plasma (QGP). The behavior of
QCD interactions under these extreme conditions can be studied in the laboratory by
colliding together ultra-relativistic heavy-ions, where the energy density is expected
to reach well above the critical transition temperature for QGP formation. Heavy-
ion collisions have been studied for decades at multiple different particle accelerator
facilities, including the Large Hadron Collider (LHC). At the LHC, the primary ex-
periment focused on studying these heavy-ion collisions is known as A Large Ion
Collider Experiment (ALICE). ALICE is designed to study high multiplicity heavy-
ion collisions, as well as proton-proton and proton-ion collisions that can be used as
baseline measurements.

Among the expected signatures of QGP formation is an increase in the production



of strange quarks within the medium, a phenomenon known as strangeness enhance-
ment. Strangeness enhancement can be studied by measuring the production ratio of
strange particles to non-strange particles. While first predicted, and later observed,
to be present in heavy-ion collisions, more recent measurements have observed an
onset of strangeness enhancement occurring in smaller systems, such as p-Pb col-
lisions. The enhancement seen in heavy-ion collisions can be fairly well described
using a statistical hadron production model, where the temperature is high enough
that the strange quark is in full equilibrium with the two other light flavor quarks.
However, the microscopic behavior underlying this enhancement in smaller systems
is still not completely understood. Further differentiation of strange particle produc-
tion is needed to pinpoint the partonic interactions, particularly in the soft-scattering
sector, responsible for strangeness enhancement.

In this analysis, angular correlations between a high momentum hadron and a
¢(1020) meson (comprised of a strange quark-antiquark pair) are measured within
p-Pb collisions with ALICE at the LHC. With the high momentum trigger hadron
acting as a proxy for a high energy jet of particles, and the ¢(1020) meson acting as
a strangeness probe, these correlations can be used to separate out the production
of ¢(1020) mesons within jets (closely aligned to the direction of the trigger) from
production in the non-jet underlying event (uncorrelated with the direction of the trig-
ger). These differential yield measurements are a way to separate out hard-scattering
production (more jet-like) from soft-scattering production (more medium-like). The
$(1020) correlations can be directly compared with inclusive dihadron correlations to
calculate the strange to non-strange production ratio (i.e ¢/h).

With this technique, strangeness production within jets and the underlying events

are measured as a function of multiplicity and are compared between a lower and



higher momentum region. These different production regimes show a clear ordering,
with ¢/h production in the underlying event significantly higher than in jets for
all multiplicities. The evolution of the per-trigger yields within the near-side (jet)
and away-side (modified jet) as a function of multiplicity are studied separately,
and differences in behavior suggest a change to the away-side production at lower
momentum. This technique for measuring yield ratios is then discussed as a way to

further constrain the origin of strangeness enhancement in small systems.



Contents

Acknowledgments . . . . . . .. 5
List of Tables . . . . . . . . . . . o 13
List of Figures . . . . . . . . . . 14
Chapter One: Introduction . . . . . . . .. ... ... . . L. 25
1.1 A Brief History of Quarks . . . . .. .. ... ... ... ........ 25
1.2 The Standard Model . . . . . . . .. ... Lo 29
1.3 Quantum Chromodynamics . . . . . . . . . . ... ... ... ..... 32
1.3.1 Resonances . . . . . . . . . ... 33

1.3.2 Hard Scattering and Jets . . . . . . . ... ... 34

1.3.3 Asymptotic Freedom & The Quark Gluon Plasma . . . . . . . 35

1.4 Heavy-lon Collisions: QGP inthe Lab . . . . . . ... ... ... ... 36
1.4.1  Geometry of a Collision . . . . . ... ... ... ... .... 38

1.4.2  Multiplicity & Centrality . . . . . . . . ... ... .. ... .. 40

1.5 Experimental Signatures of the QGP . . . . . .. ... ... ... ... 43
1.5.1 Strangeness Enhancement . . . . . . ... ... ... ... .. 43

1.5.1.1  Strangeness Suppression . . . . . . . ... ... ... 44

1.5.1.2  Grand Canonical Model of Strangeness Production . 45

1.5.2 Jet Quenching . . . . . . . .. ..o 47

1.5.3 Collective Flow . . . . . . ... ... L. 48

1.5.4 Small systems: the Onset of Collectivity? . . . . . .. . .. .. 50
Chapter Two: Experimental Setup . . . . . . . ... . ... ... ....... 54
2.1 The LHC . . . . . . . . . 54



221 ITS. . . o 56
222 TPC . . . . 58
223 TOF . . . . 60
224 VZERO . . .. .. 62
225 EMCAL & DCAL . . . ... . ... 62
2.2.6 Calibration for the EMCAL & DCAL . . . . .. .. ... ... 63
2.2.6.1 Timing Calibration . . . . . . ... .. .. ... ... 64
2.2.6.2 L1 Phase Correction . . . .. ... .. ... ..... 65
2.2.6.3 Full Time Correction . . . . . . . . .. .. ... ... 67
2.2.6.4 Pause & Reset Runs and Phase Alignment . . . . . . 68

Chapter Three: Measuring Production of ¢(1020) In p-Pb Collisions: How and
Why . . o 71
3.1 The ¢(1020) Resonance as Strangeness Probe . . . . ... .. ... .. 72
3.2 Two-Particle Correlations . . . . . . ... ... ... ... 73
3.2.1 Jet-like Two Dimensional Angular Correlations . . . . . . .. 76
3.2.2 Mixed Event Correlations . . . . .. ... ... ... ..... 78
3.3 Measuring h — ¢ Angular Correlations . . . . . . . .. ... ... ... 80
3.3.1 Reconstructing the ¢(1020) for Angular Correlations . . . . . 83
3.3.2 Jet and Underlying Event Yields . . ... ... .. ... ... 83
3.4 Measuring Dihadron Angular Correlations . . . . . . .. ... .. ... 86
3.5 Measuring the ¢/h Ratio In Different Production Regimes . . . . . .. 87
Chapter Four: Analysis Details . . . . . ... ... ... .. ... .. ..... 88
4.1 Event & Track Reconstruction . . . . . . . . . ... ... ... ... .. 88
4.2 Event Selection . . . . . .. .. 89

10



4.3 Track Selection . . . . . . . . . 90

4.4 ¢(1020) Reconstruction . . . . . . ... ... o o oo 93
4.4.1 Kaon Track Reconstruction & Identification . . . . . . .. .. 93
4.4.2  $(1020) Reconstruction Efficiency . . . . ... ... ... ... 95
4.4.3 'Trigger Hadron Tracking & Efficiency . . . . . . . . .. .. .. 99
4.4.4  Associate Hadron Tracking & Efficiency . . . . ... ... .. 100
Chapter Five: Systematic Errors & Cross-checks . . . . . . . . . ... ... .. 103
5.1 Monte Carlo Closure Tests . . . . . . . .. ... ... .. ... .... 103
5.2 Measurement Bias Cross-checks . . . . . . ... ... ... .. ..... 106
5.2.1 Bias in Events with Multiple Triggers . . . . . . . . ... ... 107
5.2.2  Effects of TOF Detector Asymmetries . . . . ... ... ... 111
5.2.3 Underlying Event Shape Assumptions. . . . . . .. ... ... 111
5.2.3.1 Estimated vy Contribution to Correlation . . . . . . 114
5.3 Systematic Uncertainty Sources . . . . . . .. .. ... ... ... ... 120
5.3.1 Particle Identification . . . . . . . .. ... 122
5.3.2 Variation in mg g Invariant Mass Regions . . . . . . . . . .. 123
5.3.3 Investigation of Sideband Correlation Structure . . . . . . .. 127
Chapter Six: Results & Discussion . . . . . . . .. . . ... .. .. ...... 130
6.1 Jet-like h — ¢ Angular Correlations . . . . . . . .. ... .. .. .... 130
6.1.1 Per-trigger (h — ¢) and (h — h) Ay Correlations . . . . . . .. 134

6.2 Per-Trigger Yields of h — ¢ and h — h pairs in Jets and the Underlying
Event . . . . o 138
6.3 ¢/h Production Ratios Within Jets and the Underlying Event . . . . . 144
Chapter Seven: Summary . . . . . . . . . .. .. 155

Appendix A: Mixed-Event Corrected Two-Dimensional (h — K K') Correlations 159

11



A.1 Multiplicity Percentile 0-20% . . . . . . . . . . . . . ... ... ... .. 159

A.1.1 Lower Assoc. Momentum (1.5 < pr <2.5GeV/c) . . . .. .. 159

A.1.2 Higher Assoc. Momentum (2.5 < pr <4.0GeV/c) . . . . . .. 159

A.2 Multiplicity Percentile 20-50% . . . . . . . . . . ... ... ... 160
A.2.1 Lower Assoc. Momentum (1.5 < pr <2.5GeV/c) . . ... .. 160

A.2.2 Higher Assoc. Momentum (2.5 < pr <4.0GeV/c) . . . . . .. 160

A.3 Multiplicity Percentile 50-80% . . . . . . . . . .. ... ... ... ... 161
A.3.1 Lower Assoc. Momentum (1.5 < pr < 2.5GeV/c) . . ... .. 161

A.3.2 Higher Assoc. Momentum (2.5 < pr <4.0GeV/c) . . . .. .. 161
Bibliography . . . . . . . 163

12



4.1

4.2

4.3

4.4

5.1

2.2

6.1

6.2
6.3

6.4

6.5

List of Tables

Number of events passing our criteria for each multiplicity bin considered.

Average number of charged particles in the range |n| < 0.8, pr > 0.2GeV/c
for the three different multiplicity percentiles used in this analysis. . . . .

Track quality cut parameters for the kaon candidate (and associate hadron)
tracks. . . .. L

Track cut parameters for the trigger track. . . . . . . .. ... ... ...

Estimated vy values used for systematic uncertainty related to the deter-
mination of the underlying event. Values taken from [111}. . . . . . . ..

The systematic errors on the h-¢ angular correlation, expressed as percent
of bin value. Also shown here are the average statistical error per Ay bin
as & COMPATISOI. . . .« . v v v v v v et e

Conversion between p-Pb multiplicity percentiles and the mean charged
particle multiplicity, calculated for the range |n| < 0.8 and py > 0.2 GeV /c
(99]. . .

The different bins in Vtx, used for the mixed-event correction. . . . . . .

The percent change from low to high multiplicity for the near and away-
side (h — ¢) and (h — h) yields for the lower (top) and higher (bottom)
momentum ranges. The percent changes for the yields using the charged
hadron vy for the UE are presented in parentheses. . . . . . . .. .. ..

Pairwise ratio of (h-¢)/(h-h) within the near-side jet, away-side jet, under-
lying event, and total ratio from low multiplicity (left) to high multiplicity
(right) p-Pb collisions, for lower associate pr (top) and higher associate
pr (bottom). Systematic errors are shown in parentheses. . . . . . . . ..

Fit parameters for the differentiated (h — ¢)/(h — h) ratios vs. (Ne)
in the two different associate momentum ranges. Values in parentheses
represent the fits with the yield ratios calculated using the charged hadron
ve assumption for both the (h — ¢) and (h — h) correlations. . . . . . ..

13

89

90

94

100

115

121

131
132

141

146



1.1

1.2

1.3

14

1.5

1.6

1.7

1.8

1.9

List of Figures

An example of the octet configuration put forth in the “Eightfold Way”
for spin % baryons (left) and spin 0 mesons (right), showing the sym-
metry between the two types of hadron. Note that here the parameters
are strangeness s and electric charge ¢, rather than the originally used
hypercharge Y and isospin T3, though the effect is the same [8], [9].

Scattering results from SLAC and MIT measuring the cross-section of the
proton vs. the momentum transfer ¢> = —Q?. The measured cross-section
behaves very different than the elastic scattering cross-section, and the
rough independence vs. ¢? agreed with the predictions of a proton made
of point-like quarks[14]. . . . . . . ... Lo o

Chart of the fundamental particles within the Standard Model [23].

Cartoon depicting the evolution of a heavy-ion collision, beginning on the
left pre-collision, and ending with the particles streaming into the detector.
Adapted from S. A. Bass. . . . . ...

Schematic diagram of the collision geometry used in collider experiments.
The light blue represents a typical cylindrical detector. . . . . . . . . ..

Examples of different pseudorapidity values and their relation to the polar
angle 6 for reference. . . . . . ...

Cartoon of a heavy-ion collision showing the Lorentz contracted nuclei pre-

26

40

collision, and the nucleon participants and spectators after the collision[38]. 41

Example of how the Glauber model is used to relate charged particle
multiplicity (here VZERO amplitude as an uncorrected stand-in) to the
centrality of the collision[40]. . . . . . . . .. ... .o

Graph showing the comparison of different light flavor particle multiplici-
ties (per unit rapidity) in central heavy-ion collisions compared to different
thermal models. From the ratio of model to data (shown in the middle and
bottom plots), the thermal models still slightly under-predict the multi-
strange containing hadrons, while over-predicting some baryons like the
proton [52]. . . L.

14



1.10 Cartoon depicting a parton losing energy in heavy-ion collisions, leading
to the QGP signature of jet quenching. Credit: CERN, ATLAS collabo-
ration[b6] . . ...

1.11 Cartoon depicting a hydrodynamic toy model for how an initial anisotropy
in space within the collision region (i.) can lead to an anisotropy in mo-
mentum distribution for the final state hadrons (iii.). . . . ... ... ..

1.12 (Measurement of the ratio of strange hadrons to charged pions, as a func-
tion of multiplicity (left). Strangeness enhancement can be seen in the
smooth increase of this ratio as multiplicity increases. Also depicted are
resonance ratios to their stable counterparts (right), which show a steady
decrease. This decrease is due to the longer time between the chemical
and kinetic freeze-out in the collision evolution as system size grows [52].

2.1 Schematic of the ALICE Detector as it was configured for LHC Run 2.
The L3 magnet, depicted in red, houses the central barrel, which contains
the main tracking detectors of the experiment. The two beams from the
LHC are depicted in pink, with the crossover region happening in the
center of the ALICE central barrel. Inset in the top right is an expansion

of the ITS, the detector component closest to the interaction point. Image
provided by ALICE. . . . . . . . ... ..

2.2 Schematic drawing of the ALICE Time Projection Chamber with a cutout
showing the inner chamber [74]. A high voltage difference between the
central electrode and the endplates causes the ionized gas to drift towards
the readout chambers. . . . . . . .. ..o oo

2.3 Example of the TPC energy loss (dE/dx) vs. momentum for LHC Run2.
Expected curves for different particle species are shown in black. Image

from ALICE. . . . . .

2.4 Example of the TOF timing signal (here combined with the track length to
calculate f = v/c) vs. measured momentum in p-Pb collisions. The curves

for the different particle species (separated due to their mass differences)
are labeled in black [70]. . . . . . ...

2.5 Schematic drawing of the ALICE EMCAL (left) [79] and DCAL (right)
[80]. For LHC Run 2, both the EMCAL and DCAL were installed and
operational, providing a large azimuthal coverage for better di-jet recon-
struction. . . . . .. e e

2.6 An example of an individual EMCAL module (left) and supermodule
(right) [81]. . . . . . o o

93

61



2.7

2.8

2.9

2.10

3.1

3.2

Example 2D plot of the raw timing information of each EMCAL signal
for each cell in a subset of the full detector. The dense band at ~ 600 ns
corresponds to main collision events, while the lighter bands correspond
to pileup events. The slope of the main band within each SM is due to
the difference in readout wire length due to the position of a cell within
the module. . . . . . . . . .

An Example of the effect of the L1 phase mismatch on the raw time signal
of the DCAL (left), and the L1 phase and offset corrected time distribution
(right). In both plots, the distribution of time signals for only a specific
supermodule (SM 19) within the DCAL is shown. . . . . . . .. ... ..

Diagram showing the effect of the frequency mismatch between the LHC
and EMCAL readout clock. The 100ns EMCAL readout clock period is
depicted between the dashed lines, while the rough timing of individual
pp collisions is depicted in red. For any given interaction in the ALICE
detector, the bunch crossing number of the interaction modulo 4 gives
where that interaction will occur in the EMCAL readout clock. The ability
to separate out events in this way is crucial to being able to calibrate the
time of the EMCAL signal. . . . . . ... ... ... ... . .......

Example of the timing distribution for a single SM (SM9) during a run with
multiple PARs. Each PAR here has reset the L1 phase, leading to distinct
peaks for before and after the time when each PAR occurred. (bottom)
A zoomed portion of the top plot to show the third peak structure, which
is smaller due to the smaller number of collisions that occurred between
when PAR 1 and PAR 2 were executed. . . . . ... ... ... .....

Cartoon depicting rescattering and regeneration processes in the hadronic
gas that can effect the measured yields of resonances in heavy ion collisions.
The left interaction shows a rescattering process, where one of the K*
decay particles elastically scatters off another hadron in the gas, destroying
the invariant mass correlation between the two child particles of the K*.
The right interaction shows a regeneration process, where two pions scatter
through a p(770) resonance state, before decaying again to two pions.
This will increase the measured production of the p meson by adding
a resonance that was produced after the initial collision/deconfinement
phase occurred. . . . . . . ...

The momentum integrated ¢ /7 ratio plotted as a function of event charged
particle multiplicity. This ratio increases smoothly across a wide range of

multiplicities, with no dependence on the specific collision system studied.

16

65

66

67

70

73

74



3.3

3.4

3.5

3.6

3.7

3.8

3.9

Cartoon schematic showing the construction of same-event and mixed-
event correlations for simple 1D angular correlations. The yellow tracks
are the produced particles within a single collision, while the green and
red tracks are the trigger and associate particle, respectively. . . . . . . .

An example of a two dimensional angular correlation (An, Ap) for trig-
ger and associated particles from the same event (left) and from different,
mixed events (right). The same-event correlation contains both physical
correlation structures (e.g. the peak around (An, Ap) = (0,0)), as well as
effects from the finite detector size. The mixed-event correlation should
only contain the detector acceptance effects (e.g. the triangular distri-
bution in An), and is therefore used to correct for these effects in the
same-event correlation. . . . . .. ..o Lo

The calculated invariant mass of unlike-sign kaon pairs(black), and an
estimate of the combinatorial background (red) using the scaled mass dis-
tribution of like-sign kaon pairs. The excess at a mass of 1020 MeV /c? is
the ¢ invariant mass peak. . . . . . . . . . .. ... L.

The unlike-sign invariant mass distribution after subtracting off combina-
torial background, estimated using the scaled like-sign distribution. The
mass peak is fit to a Voigt function for the mass peak, and an additional
polynomial for the residual background (red). The residual background is
< 1% of the signal, and for this analysis is ignored. . . . . . . . .. ...

A depiction of the (one dimensional) angular correlations from the three
different KK invariant mass regions: the correlation from the left and
right sidebands (lower left), and the correlation from the mass peak region
(lower right). The invariant mass distribution (top) shows the different
ranges of the sideband regions (gray) and mass peak region (green). In
the mass peak region correlation, both the full correlation is presented, as
well as the background correlation from the combinatorial KK background
laying underneath the mass peak (calculated as the average of the two
sideband correlations). . . . . . ...

Example plot showing the result of projecting a 2D angular correlation
(left) onto the Ay axis from the range |An| < 1.2 to produce a 1D angular
correlation (right). . . . . . .. ... Lo

Example plot depicting the different regions of a dihadron angular cor-
relation: the near-side jet (red), the away-side jet (blue), the underlying
event (green), and the total pair yields (pink). . . . . . . ... ... ...

17



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

A diagram of the DCA of two secondary charged particle tracks. A neutral
particle (grey dashed line) is produced in the initial collision, and decays
into two charged child tracks (solid red lines) at the black dot. These
secondary tracks are charged, and therefore show up in the detector. These
two tracks are then propagated back towards the primary vertex (dashed
red lines). The DCA is then the closest these back propagated tracks come
to the primary vertex. . . . . . . .. ..o

An example of the raw TPC dFE/dz signal for a sample of tracks (top),
and the dE/dx signal of tracks expressed in terms of the standard devi-
ation of the distribution around the expected kaon signal vs. transverse
momentum (bottom). . . . .. ...

An example of the raw TOF [ signal vs. momentum for a sample of tracks
(top), and the g signal of tracks expressed in terms of the standard devi-
ation of the distribution around the expected kaon signal vs. transverse
momentum (bottom). . . . . ... L. Lo

The 2D PID cuts on the kaon in norpc and notor for the momentum
range 0.5 < pp < 4.0 GeV /c. The center peak is made up of kaons, while
the peak at high norpc and low notor (top left corner) is coming from
pion contamination within these cuts. . . . . . . ... .. ... ... ...

The ALICE TOF matching efficiency between TPC tracks and correspond-
ing TOF signals in p-Pb collisions. Image from [105] . . . ... ... ..

The efficiency for the reconstructed ¢ meson vs. pr for four multiplicity
bins (left), and the ratio between three different multiplicity bins and the
full 0-100% multiplicity efficiency (right). From the ratio, within statistical
fluctuations the efficiency is not dependent on multiplicity. . . . . . . . .

The efficiency for the trigger hadron vs. pr for different multiplicity
classes. Since the efficiency does not depend on the multiplicity, the final
efficiency is calculated from the full 0-100% multiplicity sample. . . . . .

The efficiency for the associated hadron track vs. pr for four multiplicity
bins (left), and the ratio between three different multiplicity bins and the
full 0-100% multiplicity efficiency (right). . . . . . . . .. ... ... ...

18

99



5.1

5.2

2.3

5.4

2.5

2.6

5.7

2.8

Monte Carlo closure test performed for the (h — ¢) reconstruction method
using unlike sign kaon pairs. The correlations within a collection of MC
generated events are compared using the real (h — ¢pc) and the recon-
structed (h — K Kyc) measurement (left). The ratio of the reconstructed
to the real correlation is found to be close to one (right), meaning the
reconstruction technique is found to be closed. . . . . . . . . ... .. ..

Monte Carlo closure test performed for the full efficiency corrected (h— ¢)
reconstruction technique. The correlations within a collection of MC gen-
erated events are compared using the real (h— ¢yc) and the reconstructed
(h — K Kiyaac) measurement (left). The ratio of the efficiency corrected re-
constructed to the real correlation is found to be close to one within the
statistical errors(right), meaning the test of the full measurement proce-
dure is found to be closed. . . . . .. ...

Comparison of the standard correlation taking all triggers (full points)
with the correlation performed with just the highest momentum trigger of

each event (open points) for the h — h (left) and h — ¢ (right) correlations. 109

Ratio of the all-trigger correlation divided by the highest-trigger correla-
tion, presented from high multiplicity (left) to low multiplicity (right). . .

Comparison of the normalized pr spectra of the triggers used in the stan-
dard correlation measurement (dark blue), and the normalized spectra
from just taking the highest trigger particle in each event (light blue). . .

The (p,n) position of reconstructed ¢(1020) mesons within a subset of
p-Pb events. The acceptance “hole” on the left is due to the incomplete

109

110

TOF detector coverage, causing kaon candidates to be missed in that region.112

Comparison of the (h — ¢) correlation from two different regions in the de-
tector to test for effects from the TOF acceptance. The left plot shows the
two regions of the central barrel that ¢(1020) were taken from: the region
with the TOF hole (blue), and the region with full TOF coverage (red).
The right plot shows a comparison of the normalized Ay correlations using
#(1020) from the two described regions. . . . . .. ... L.

Measured values of elliptic flow coefficient vy in 0-20% multiplicity p-Pb
collisions for different particle species, as a function of pr. Due to the cross-
over of different particle species in low momentum, the use of total charged
particle vy for the associate hadron and ¢ meson is a good approximation

19



2.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

An example of finding the flow coefficients by subtracting the low mul-
tiplicity correlation from the high multiplicity correlation. The 2D sub-
tracted correlation is shown for the (h—m) case (top). This subtracted cor-
relation is projected onto Ay from the large An region (0.8 < |An| < 1.6
for the near-side, |An| < 1.6 for the away-side) for fitting the flow coeffi-
cients (bottom) [111]. . . . . . . . . ...

An estimate of the flow contribution of the (h—¢) correlation by subtract-
ing the low multiplicity correlation from the high multiplicity correlation.

Comparison of the published charged hadron v, with the angular correla-
tion in both the full An range and the outer An range 0.8 < |An| < 1.2
for the dihadron (left) and (h— ¢) correlation (right). The charged hadron
vy values match the near-side region of the wide An correlation in both
CASES.  + v v e e

Visual depiction of the different sources of systematic uncertainty on the
(h — ¢) correlation for the three different multiplicity bins. Uncertainty is
plotted as the average relative uncertainty (error/value) per Ay bin of the
correlation. The total systematic error is depicted as a solid black line,
and the total statistical error per A bin is shown for comparison (dashed
line) . . . .

Effect of varying the PID cuts for the TPC detector from the standard
cut of [norpc| < 3 (left), along with the ratio of the correlation function
using these variations to the standard cut (right). . . . . ... ... ...

Invariant mass distribution of unlike-sign kaon pairs (black), with colored
regions to show the ¢ mass peak region (green area) and the left and right
sideband regions (grey area) that are used in the correlation analysis. . .

Effect of varying the ¢ mass peak region on the final (h — ¢) correlation
(left), and the ratio of each variation to the standard region of 1.014 <
mrx < 1.026GeV/c? (right). . . . .. ...

Effect of varying the left sideband (LSB) region of the invariant mass
distribution on the final (h — ¢) correlation (left), and the ratio of each
variation to the standard region of 0.995 < mgx < 1.005GeV /c? (right).

Effect of varying the right sideband (RSB) region of the invariant mass
distribution on the final (h — ¢) correlation (left), and the ratio of each
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Chapter One: Introduction

This first chapter will give a brief historical and theoretical introduction to the field of
relativistic heavy-ion physics, including useful coordinate variables and observables.
It will also discuss the experimental signatures of a novel state of nuclear matter
created within heavy-ion collisions, known as the Quark-Gluon Plasma. Chapter two
will then discuss the technical details of the ALICE detector, including details on the
relevant subsystems. After the introduction to the necessary physics and equipment
is complete, chapter three will give the exact measurement foundation and procedure
for this thesis’ central analysis, followed by a chapter expanding on the analysis’
technical details. Following the analysis details is a chapter discussing the possible
sources of uncertainty, as well as additional studies on potential systematic biases of
the measurement procedure. Finally, the last chapters will present the central results

and discussion, followed by a brief summary.

1.1 A Brief History of Quarks

In the mid-20th Century, experiments around the world were producing a veritable
z0o of new particles. Among the first discovered was the pion. Theoretically proposed
as a force mediator for the strong nuclear force between nucleons, the pion was first
seen experimentally in 1947[1]. Using a cloud chamber to photograph the ionization
paths of high energy cosmic rays interacting with gas ions, this new particle with a
mass in-between that of the proton and the electron was dubbed a meson.

Shortly after the discovery of the pion came something strange: the neutral kaon.
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Manifesting itself in the cloud chamber as a decay seemingly appearing in the middle
of the detector due to its neutral charge, this new meson didn’t seem to fit in to the
same framework as the pion. The Kaon became the first of the V-particles, named due
to the characteristic shape of their two decay tracks within cloud chambers. These
V-particles exhibited new and unusual properties [2]. Some seemed to have longer
lifetimes than expected [3]. Some seemed to be forbidden from decaying through
certain decay channels [4]. As the experiments progressed, the number of newly
discovered unstable particles exploded. In order to explain this new menagerie, new
fundamental properties of matter were needed to put these discoveries in order.

One such property, nicknamed “strangeness”, was observed to be conserved through
strong interactions [5], [6]. This conservation leads to particles that contain a “unit” of
strangeness, such as the kaon, having longer lifetimes than unstable non-strange par-
ticles of similar mass. Theoretical physicists Murray Gell-Mann and Yuval Ne’eman
separately proposed a new formulation for grouping these particles together, dubbed

“the Eightfold Way” [7].

s=20 n P s—1 KO K+
s=—1 ¥ »t+ s=0 T 7r+
§=—2 s=-1 o
g =0 K- K
g=-1 q=0 g=-1 q=0

Figure 1.1: An example of the octet configuration put forth in the “Eightfold Way”
for spin % baryons (left) and spin 0 mesons (right), showing the symmetry between
the two types of hadron. Note that here the parameters are strangeness s and electric
charge ¢, rather than the originally used hypercharge Y and isospin 73, though the
effect is the same [8], [9].
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The “Eightfold Way” described the newly discovered particles with the group
representation of a new SU(3) symmetry. This resulted in the heavier particles,
named baryons, forming octet and decuplet states, and the lighter particles, named
mesons, forming an octet and a singlet state (see fig. 1.1). This formulation relied on
a new conserved quantity named hypercharge, which was formulated as the baryon
number (1 for baryons, -1 for anti-baryons, and 0 for mesons) plus the strangeness of
the particle. The hypercharge was seen as a fundamental property of matter, and its
conservation helped explain what experimentalists were seeing at the time.

At this point, the newly discovered mesons and baryons (together known as
hadrons) were starting to fall into ordered sets governed by a new underlying symme-
try. This symmetry was expanded upon to match experimental data until, in 1963,
Gell-Mann and George Zweig proposed a physical underpinning of this symmetry:
quarks[10], [11]. If hadrons were not fundamental particles, but instead composite
particles made up of a set of more fundamental particles called quarks, then per-
haps the properties of these quarks could explain the symmetries that seemed to be
present in the mesons and baryons. Since the baryons had half-integer spin, these
new quarks would need to be fermions, with half-integer spin as well. However, the
Fermi-Dirac statistics governing fermions would not allow quarks within a hadron to
occupy the same state, which conflicted with some of the observed baryon proper-
ties. This dilemma was solved when a new integral charge, named color charge, was
proposed as a property carried only by the quarks[12], [13].

The new color charge could take on three different values: red, green, and blue
(or anti-red, anti-green, and anti-blue for the antiquarks). This triplet of color charge
would then give rise to the exact symmetry structure of the discovered mesons and

baryons, with mesons being comprised of a quark-antiquark pair, and baryons (an-
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tibaryons) being composed of three quarks (antiquarks), each with a different color
charge. The physics of three new color charges interacting gave rise to a set of 8 vec-
tor fields, analogous to the electromagnetic field for electric charges, that govern the
strong nuclear interaction and bind hadrons together. These fields would eventually
be seen as representations of gluons, the force mediators of the strong force.

The first experimental hint that the quark picture was correct came from deep
inelastic electron-proton scattering experiments performed at the Stanford Linear
Accelerator Center (SLAC). Much like the scattering experiments from nearly 70
years prior that had shown that the atom was comprised of a small, dense nucleus at
its center, SLAC used high energy electrons to probe the very heart of the proton|[14].
The differential cross section for inelastic lepton-proton scatterings involving a virtual
photon can be written in terms of structure functions that are dependent on the
four-momentum transfer of the interaction. These structure functions are a result of
the (at the time unknown) matrix elements for the fundamental interactions between
photons and the constituents of the proton [15].

Theoretical calculations based on the existence of point-like particles within the
proton predicted that the structure function of the proton that dominated at small
angles would be independent of the momentum transfer, ), at sufficiently large values
of ). Instead, this structure function could be written in terms of a single scale
variable known as the Bjorken-x:

2
T = @
2Mv

(1.1)

where () is the momentum transfer, M is the mass of the proton, and v is the
energy lost by the electron in the collision[16], [17]. One consequence of this scaling

rule was that if the quark model was correct, the scattering cross-section should
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remain flat as a function of Q?, the momentum transfer.!

Looking at the electrons
that had been scattered along small angles, SLAC found that the scattering from the
proton as a function of Q? was wildly different from elastic scattering behavior, with
only a mild dependence on Q2. (see fig. 1.2). This measured scattering behavior was

consistent with theories based on the proton having an internal structure made of

point-like particles. Quarks had finally been discovered.

1.2 The Standard Model

In the present day, science’s best tool to understand the microscopic world at a funda-
mental level is the Standard Model. The Standard Model is a theoretical framework
that describes the universe as a set of quantum fields, extending everywhere through-
out space-time. It is these fields, and excitations of these fields, that create the
collection of particles (and their interactions) that make up the macroscopic universe
we're familiar with. Excitations of these fundamental fields give rise to the 12 fun-
damental fermions that make up all matter? , as well as four force-mediating bosons
and the Higgs particle.

The Standard Model gives a single quantum field theory framework for describing
the electromagnetic force, the weak nuclear force, and the strong nuclear force all
together. It also gives a mechanism for the fundamental masses of the fermions

through the symmetry breaking of the Higgs field, as well as the massive weak force

"'While initially the cross-section was argued to be flat with respect to @2 in the quark model,
later calculations showed that renormalization effects cause this flat behavior to break down for
any quantum field theory formulation[18] However, the asymptotic freedom inherent in non-abelian
QCD leads to an approximate scaling, with the cross-section having a logarithmic dependence on
Q?, which was seen in the experiment[19)].

2While the standard model describes the universe very well, there are still gaps in what it can
explain. Cosmological observations suggest that a form of matter invisible to us (Dark Matter),
makes up 85% of the matter of the universe. As of now, the particles of the standard model cannot
explain this discrepancy [20].
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Figure 1.2: Scattering results from SLAC and MIT measuring the cross-section of the
proton vs. the momentum transfer ¢> = —@Q?. The measured cross-section behaves
very different than the elastic scattering cross-section, and the rough independence
vs. ¢ agreed with the predictions of a proton made of point-like quarks[14].

carriers, the W and Z bosons. These particles and their properties can be seen in
schematic representation in figure 1.3.

The quarks fall into three generations, with the lightest being the up (2.2 MeV /c?)
and down (4.7 MeV /c?) quarks that make up normal nuclear matter. The next heav-
iest quark is the strange quark, with nearly 50 times more mass than the up quark at
96 MeV /c2. These three together make up the light flavor quarks, so called because
the masses of these flavors of quark are all less than the characteristic QCD scale of

Agep ~ 225MeV[21]3. At temperatures around 200 MeV, the three light flavors are

3Since the coupling strength of the strong interaction o varies with the momentum transfer of
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often treated as massless to aid in calculations[22]*. The last three flavors of quarks

- charm, bottom, and top - are substantially more massive than the lighter flavors,

and therefore are aptly named the heavy flavor quarks. Due to their heavy masses,

these quarks can only be created in hard scattering collisions involving very large

momentum transfers.
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Chart of the fundamental particles within the Standard Model [23].

the process involved, the QCD scale Agcp is the energy where the coupling constant is ~ 1 and
below which perturbative QCD is no longer applicable (i.e. Agcp acts as an infrared cutoff).

4In QCD renormalization, the mass of the quarks is inversely related to the renormalization
scale. This means that at higher probing energies, the masses of the quarks appear lighter. For this
reason, QCD loop calculations are often performed by taking the number of flavors of quarks Ny to
be only those quarks whose mass lies below the scale of interest, and these are all assumed to be
massless. Heavier quarks are then ignored for these calculations
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1.3 Quantum Chromodynamics

The theory governing the interaction between quarks and gluons (collectively referred
to as partons) is an SU(3) gauge theory known as quantum chromodynamics (QCD).

The Lagrangian for the QCD component of the standard model is given by|[19]:

1

‘CQCD = Zaq’a(i'y’@uéab - gs"yut%Ag — mqéab)w%b — ZF;},FAHV, (12)
q

with all repeated indices being summed over. The 1), , are the quark field spinors
for a quark of flavor ¢ and color a = 1,2, 3. The gluon field is given by AS, where C'
can take on any value from 1 to 8, representing the 8 different types of gluon. The

gluon field tensor F ;ﬁ/ is defined as:
F;j‘u = 3#.,4? - 8:/«421 — gszBcAfAf, (1.3)

with fapc being the structure constants of the SU(3) group and t£, the generators
of SU(3).

As written above, the form of the QCD Lagrangian is a sum of four terms. The
first is the kinetic component of the quark spinors, w_q’y“é?qu. The second term is the
interaction between the quark spinor fields 1), and the gluon fields AC. The presence
of the generators tgb in this term shows that the gluon interaction rotates the quark
spinor in color space. The QCD coupling factor, gs or as = i—?‘r, dictates the strength
of the quark-gluon interactions, and is the sole fundamental parameter of QCD. The
third term is the mass term of the quarks mqqu,b, and the fourth term describes
the gluon fields. Note that within the definition of the gluon field tensors, the gluon
field is coupled to itself with the same coupling constant gs, allowing for gluon-gluon

interactions®.

5Specifically, the fundamental Feynman vertices of QCD are the quark-gluon vertex, the three-
gluon vertex, and the four-gluon vertex.
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Renormalization of QCD leads to the strength of the QCD interaction o varying
with momentum transfer. As the momentum transfer decreases (i.e. the distance be-
tween the interacting quarks increases), the QCD coupling strength quickly becomes
greater than 1, and then diverges. This growth of the coupling has two important
consequences. First, as the coupling strength approaches 1, perturbation techniques
for performing QCD calculations are no longer applicable, and so perturbative QCD’s
predictive power breaks down. Second, since the coupling strength diverges as dis-
tance increases, quarks are confined within bound state hadrons|[24]. This means,
for example, that if the quark-antiquark pair within a meson are separated, the in-
creasing energy of the color fields between the two make it energetically favorable
to create a new quark-antiquark pair from the vacuum, creating two new mesons,
rather than separating the original quarks. This property, known as confinement,
has the effect of forbidding any naked color charge in the universe, instead allowing

only color-neutral composite objects like hadrons to exist.

1.3.1 Resonances

Many of these hadrons decay very quickly into lighter particles, primarily via QCD
interactions. For these particles, the decay happens probabilistically, and can be
modeled by adding a decaying exponential term with characteristic time 7 = 1/T" to
the wavefunction. The particle’s wavefunction as a function of energy can then be

given by[25]:

(1.4)

S () ~ (15)

(B =My +(5)°

Here, the parameters M and I' represent the mass peak and width of the mass
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distribution, respectively. The relationship between the mass width I' and the charac-
teristic lifetime 7 is a manifestation of the quantum uncertainty relation between AFE
and At: the shorter a particle species’ mean lifetime is, the wider its mass distribution
will be, and vice versa. This distribution is known as a Breit-Wigner distribution®,
and particles that follow it are known as resonances.

Since resonance states decay into less massive and more stable particles, any
resonance particle can itself be construed as the decay child of an even more massive,
even shorter lived resonance particle. A QCD-naive approach to this “ladder” of
resonances, known as the statistical bootstrap model (SBM), can be used to calculate
the number of possible resonant states in a specific mass interval[26]. While this
method is somewhat obsolete within the current Standard Model picture of quarks, it
does give the interesting result that for any sort of hadron gas, there is a temperature
limit, known as the Hagedorn temperature T = 160 MeV, above which the existence
of bound resonance states appears to vanish[27]. This limit would later be reinforced
using perturbative QCD in high energy regimes, where a state of asymptotic freedom

was predicted at roughly the same temperature.

1.3.2 Hard Scattering and Jets

Partons that undergo hard scattering interactions (i.e. interactions with a large
exchange of momentum Q?) tend to produce back-to-back showers of hadrons known
as jets”. In these cases, the initial result of this hard scattering that leads to jets can

be calculated via perturbative QCD calculations, due to the large Q? and therefore

6The ubiquity of this distribution in various fields leads to it having many names, depending on
who you're asking. It is also known as the Cauchy distribution (named for mathematician Augustin
Cauchy), and the Lorentz distribution (named for physicist Hendrick Lorentz).

"While often jets are observed as back-to-back pairs (dijet events), the fundamental Feynman
vertices allow for gluon splitting to produce trijets in hard scatterings as well, though this is a more
rare process [28].
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small a,. Calculations in this regime show that these initial partons can undergo
branching that results in, for example, small angle gluon radiation. Repetition of this
parton branching leads to a shower of partons being produced, traveling in roughly
the same direction as the initial high momentum parton. Eventually, after the initial
partons branches a great number of times, the parton will have lost enough energy
such that no more branching can occur[29].

Because partons must always be confined inside color neutral objects, after these
parton showers are produced, some form of hadronization must take place. However,
hadronization is not a calculable process in QCD, so phenomenological models are
needed to describe how the high energy parton showers turn into their final state
hadrons. One such model that is often used, the Lund string model, treats the gluons
(which contain color charge themselves, and are therefore attracted to each other)
between partons as color field lines. These field lines contract due to their mutual
attraction to form color flux tubes, known as strings. As the distance between the
partons increase, the energy of the color string, which is uniform along the string,
also increases. Eventually, as this energy increases high enough, the string “breaks”
via spontaneous quark-antiquark production, forming new hadrons along its length.
The fraction of the energy of the initial parton that is carried by a specific hadron
species in the jet is given by the jet fragmentation function, which can be studied

in high energy collisions.

1.3.3 Asymptotic Freedom & The Quark Gluon Plasma

Just as confinement of colored objects follows from the increasing QCD coupling at
large distances, the decrease in the coupling at small distances also leads to new

behavior. Since ag decreases as momentum transfer increases, there should be a
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region of very short distance where the strength of the QCD interaction is much
weaker[30]. This phenomenon is known as asymptotic freedom, and is a fun-
damental property of QCD. This discovery allowed for accurate predictions of the
results of deep-inelastic scattering experiments, since the behavior of scattering with
large momentum transfer, and therefore small coupling strength, is solvable using
perturbation theory techniques[31].

Another important consequence of the discovery of asymptotic freedom was the
prediction of a new state of matter: the quark-gluon plasma (QGP)[32]. At ex-
treme temperatures and densities, such as those that would have been present in
the universe mere microseconds after the big bang[33], the asymptotic freedom of
QCD implies that the interactions between quarks should be small. Much like how a
conventional plasma is formed when energies are high enough to allow positive and
negative particles to interact without falling into bound states, the QGP would exist
in energy regimes where quarks are no longer bound together in hadrons, but instead

allowed to interact quasi-freely with each other in a deconfined state[34].

1.4 Heavy-Ion Collisions: QGP in the Lab

The only avenue for studying the properties of the QGP in a laboratory setting
is through relativistic heavy-ion collisions. These collisions, which are performed
by accelerating the nuclei of heavy elements such as gold (Au) or lead (Pb) up to
relativistic speeds before colliding them, are able to briefly create temperatures well
above where the QGP should form[35]. However, this high temperature state will only
last for an extremely short time, on the order of a few femtoseconds, before cooling
down and reforming hadronic matter. It is therefore useful to consider heavy-ion

collisions as occurring in semi-discrete stages (see fig. 1.4).
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Time —» QGP Evolution

Initial Collision Hadron Gas Chemical & Kinetic
Freezeout

Figure 1.4: Cartoon depicting the evolution of a heavy-ion collision, beginning on the
left pre-collision, and ending with the particles streaming into the detector. Adapted
from S. A. Bass.

As the heavy ions are traveling at a significant fraction of the speed of light before
the collision, the nuclei themselves are Lorentz contracted in the laboratory frame in
the direction of the beam. As the two nuclei approach and overlap, individual nucleons
will collide with each other, producing new particles from parton-parton interactions.
As new particles are produced, the energy density quickly reaches a point above
the phase transition temperature of hadronic matter (on the order of 107%s after
the collision[36]), and the QGP is formed. Once formed, partons within the QGP
interact with each other to quickly reach a thermal and chemical equilibrium. As
the QGP expands and cools, it falls below the critical phase transition temperature
and hadronization occurs. Now a hadronic gas rather than a QGP, the collision
volume continues to expand until inelastic collisions between the hadrons cease, a
point called the chemical freeze-out temperature. Finally, the gas cools and
reaches the kinetic freeze-out temperature, where elastic collisions between the

hadrons also cease, and the hadrons free stream into the detector.
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1.4.1 Geometry of a Collision

Before delving into the details of the experimental signals of QGP in heavy-ion col-
lisions, and the many techniques used to measure these signals, it’s important to
understand the common variables used by the experimental heavy-ion community.
Since many particle detectors in collider experiments are cylindrical in nature (com-
pared to, say, fixed target experiments), it is natural to choose a cylindrical coordinate
system when looking at the detector signals. However, when looking at a particle col-
lision in the rest frame of the collision center of mass, it makes more sense to consider
a spherical coordinate system centered on the collision. For these reasons, often
a combination of cylindrical and spherical coordinates are chosen for experimental
measurements.

The common choice of axes is to have the Z axis defined as being along the
particle beam axis, and the XY plane perpendicular to the beam direction denoted
as the transverse plane (fig. 1.5). With this orientation, an azimuthal angle ¢ is
used to denote orientation in the transverse plane, and a polar angle 6 is used to
denote angle from the Z-axis. With this arrangement, since the particle beams are
defined to be in the Z direction, any final state momentum in the transverse plane
must then be produced via interactions within the collision. This creates a natural
division of a produced particle’s momentum p into components of Z momentum py
and transverse momentum pr = \/m

However, because collider experiments involve initial relativistic particle velocities
in the Z direction, the polar angle 6 is not particularly useful in collider experiments,
as it is not Lorentz invariant and will change between different reference frames. A

more useful variable to measure is rapidity, defined as:

_llnE‘FPZ
y_2 E_pZ

(1.6)
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Figure 1.5: Schematic diagram of the collision geometry used in collider experiments.
The light blue represents a typical cylindrical detector.

where E is the relativistic energy E = ymc? = \/m . Rapidity is used
experimentally because particle production within collisions is roughly constant as a
function of rapidity near y = 0, and because differences in rapidity (Ay) are Lorentz-
invariant. More specifically, the shape of the distribution of produced particles in
rapidity space dN/dy is invariant under Lorentz boosts in the Z direction.

Often times in experiments, the total relativistic energy of a particle isn’t fully
known, and so another variable, pseudorapidity, is used instead. Pseudorapidity is
defined as:

1. |p[+pz
2 " Ip| —pz

——In {tan(@/Z)} (1.8)

U (1.7)

Pseudorapidity allows for a way to look at an observable related to the polar angle

6, while still having differences (An) be Lorentz-invariant (see fig. 1.6).%

8As opposed to differences in rapidity, differences in pseudorapidity are only truly Lorentz-
invariant in the case of massless particles. However, in the case that the mass is small compared to
the particle’s momentum, this invariance still approximately holds.
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Figure 1.6: Examples of different pseudorapidity values and their relation to the polar
angle 6 for reference.

1.4.2 Multiplicity & Centrality

It can be useful to categorize heavy-ion collisions based on the amount of event
activity produced. The experimentally measurable way to do this is using the event
multiplicity, or total number of particles produced within a collision. Conventionally,
events are separated into multiplicity percentiles, with events within the 0-10% decile
being those with the highest multiplicity, and those within the 90-100% decile being
those with the lowest multiplicity.

Another useful way to categorize heavy-ion events is through event centrality.
Centrality can be defined using the impact parameter of the collision (i.e. the trans-
verse distance between the centers of the two colliding nuclei). Like multiplicity,
centrality is conventionally broken up into percentiles of the total cross-section, with
the 0-10% decile referring to the most central collisions (those with the smallest im-
pact parameters), and the 90-100% decile referring to the most peripheral collisions
(those with the largest impact parameters).

Since the impact parameter in a heavy-ion collision is not directly measurable, a
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model must be used to estimate the centrality of a given event based on the observed
multiplicity. A common model for this purpose is the Glauber model, which uses
the nuclear density functions of the two nuclei to randomly distribute the nucleons
for each simulated collision [37]. The heavy-ion collision is then broken up into
a collection of nucleon-nucleon collisions, with the number of participating nucleons
denoted as Np,,+, while the non-participating nucleons (known as spectators) continue
in the direction of the beam® (see fig. 1.7). Since each participating nucleon might
be involved in multiple scatterings, another useful parameter is the number of binary
collisions that occur, denoted N.,;. This model then gives us a relationship between

centrality /impact parameter and Np,+ and N,y involved in the collision.

-

Spectators, -

Participants

before collision after collision

Figure 1.7: Cartoon of a heavy-ion collision showing the Lorentz contracted nuclei
pre-collision, and the nucleon participants and spectators after the collision[38].

Next, a relationship between multiplicity and number of participants Npg. is
needed. To do this, the multiplicity can be divided into a “soft” part that scales with

Npart, and a “hard” part that scales with N, giving the relationship:

dn
an (f) (Npart) + (1 = f){Neou) (1.9)
where dn/dn is the multiplicity per pseudorapidity, and f is a parameter that

determines the participant vs. binary collision scaling[39]. With this relationship in

9The actual treatment is slightly more complex, since nucleons can undergo multiple scatterings,
and additional scattering terms can interfere to produce “shadowing”[37].
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hand, and with the Glauber model giving a relation between N, and Ny and
impact parameter, it is now possible to take the measured multiplicity over a large
number of events, and separate out this distribution based on the centrality of the
collisions. An example of this separation is seen in figure 1.8 for ALICE Pb-Pb
collisions. Here, VZERO amplitude is an uncorrected stand-in for charged particle
multiplicity, and it can be seen that the Glauber model fits very well with the mea-
sured multiplicity data. This enables us to study collisions with different centralities
based on the measured event multiplicity. Characterizing events by multiplicity can
also allow for a more direct comparison between different collision systems, allowing
comparisons to be made between measurements taken in proton-proton, proton-lead,

and heavy-ion lead-lead collisions.
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Figure 1.8: Example of how the Glauber model is used to relate charged particle
multiplicity (here VZERO amplitude as an uncorrected stand-in) to the centrality of
the collision[40].
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1.5 Experimental Signatures of the QGP

Since the QGP produced within heavy-ion collisions should last only fractions of
a second once formed, experiments must look for signatures within the final state
hadrons that give information about the early QGP phase of the collision. While
there are a multitude of QGP signatures within the current theoretical and experi-
mental heavy-ion literature, the main focus of this thesis will lie in three signatures
specifically: strangeness enhancement, jet modification, and collective flow. In each
of these cases, deviations from the behaviour observed within proton-proton collisions

helps give evidence for the presence of this new state of matter.

1.5.1 Strangeness Enhancement

One of the first predicted signatures of the formation of a QGP in heavy-ion collisions
was an increase in strangeness production, measured as the production ratio of strange
quarks to up and down quarks [41]. Since real strange quarks are not present in
nuclear matter - the valence quarks of protons and neutrons being only up and down
quarks - all strangeness created in a collision must be created via inelastic production
processes. The enhancement in heavy-ion collisions was initially predicted due to the
fact that the temperature of the QGP allows for the thermal production of the heavier
strange quark through gluon fusion in the medium producing strange quark-antiquark
pairs (gg — s5)[42]. Provided these strange quarks survive through re-scattering and
the hadronization process, this enhancement would lead to an increase in observed

strange hadrons among the final state particles.
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1.5.1.1 Strangeness Suppression

In order to establish an enhancement of strange quark production in heavy-ion colli-
sions, a thorough understanding of the expected baseline production in smaller sys-
tems such as pp collisions is necessary. The up, down, and strange quark were initially
treated using an SU(6) representation for the symmetry between the light mesons and
baryons. However, since the strange quark is considerably more massive than the up
or down quarks, a suppression factor A was defined to characterize how the mass of
the strange quark breaks this SU(6) approximation [43]. This factor is defined using
the mean number of up, down, and strange quarks (and antiquarks) produced in a

collision:
2 <ns§>
() + (ngg)

Here, a value A = 1 would indicate a completely symmetric treatment of the up,

A= (1.10)

down, and strange flavors. Due to the larger mass of the strange quark, numerous
collider experiments [44], [45] used particle ratios to measure a value of A ~ 0.2 —0.3
in pp collisions across a range of center of mass energy from 20 GeV to 1 TeV [46].
Along with the determination of the strangeness suppression factor, these studies
in relative particle abundances determined that a canonical ensemble model could
describe these ratios relatively well for light flavor particles. These models rely on
a temperature T and strangeness fugacity v, = e”s/7 [47]. The fugacity parameter
gives the amount of phase space that the strange quark is able to occupy within a
hadronic gas. If 7, = 1, then the strange quark is in full equilibrium with the other
light quarks, while a value v, < 1 reflects a system where strange quarks haven’t had
the time (or energy) to fully equilibrate. In pp collisions, v, is measured to be ~ 0.5
[48]. This is essentially the equivalence of treating the collision products as going

through a canonical hadronic gas phase, where changes to the relative abundances
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of particle species would be constrained by the rate of specific hadronic interactions,
rather than the chemical potentials of the ensemble. In this case, the number of
hadrons produced is fairly low and the strangeness must be exactly conserved in each

interaction [49].

1.5.1.2 Grand Canonical Model of Strangeness Production

Unlike the lower multiplicity pp collisions, the multiplicities found in heavy-ion col-
lisions are high enough to move towards a grand canonical model of light flavor
production. In this framework, at the energy density of a heavy-ion collision the
equilibrated QGP can produce strange, up, and down quarks within a similar phase
space, pushing the value of 75 to ~ 1. This allows for the production to be modelled
statistically using just the temperature 7" and the baryon chemical potentials g,
rather than explicitly enforcing the microscopic conservation conditions (see figure
1.9).

Note that a grand canonical model does not necessarily imply the existence of a
QGP, since a large enough hadronic gas can also be described with these parameters.
However, in order to explain the relative abundance of different strange species to each
other (e.g. Z/¢), a hadronic gas grand canonical phase does not match the observed
dependence on total strangeness (s + ), rather than net strangeness (s —3) [50].
For multi-strange hadrons to be produced solely within a hadronic gas, a sequence of
hadronic interactions would be necessary that would require an un-physical lifetime of
the hadron gas phase, while the QGP can produce ss pairs in abundance from gluon
fusion in a very short time-frame [51]. This points to the strangeness enhancement
in heavy-ion collisions being almost entirely driven by the pre-hadronic QGP phase.

The relative success of the statistical model in recovering the abundances of
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strange and non-strange particle species with a single temperature parameter strongly
suggests that the overall particle abundances in heavy-ion collisions are determined
by the thermalized QGP [52]. Moreover, the increase in strangeness production is
seen to plateau at multiplicities found in more central heavy-ion collisions [53]. This
saturation of strangeness enhancement is well explained by the grand canonical sta-
tistical model of the QGP medium [54], where above a certain system size there is no
further strangeness enhancement since the up, down, and strange quark production

would be in equilibrium.

o K KK ¢ pp A = 5 o0 d @ *HeMe 3H ;A 'He 'Tle
= 10° = : : : : : : : : : : : : : : : : : : : —
2 (@ ;i i i i i i i i iALCE 0-10% Pb-Pb, y5,/= 276 TeV
3 Feeie s e e i midapidly T

10 - : : Pl : : : : : : : : : -

R S S D e o :

Foob i b b s b et b e T

(L A S A T T A A
% F Model T(MeV) V(fm) ﬁNDFé BR25 E
107 F | —THErRMUS 30 15512 58254411 550w wigie ]
s - {-.-SHARE3 15643 44764896 276M9F . : - ]
107 F | Themal-FIST (energy dep. BW)  155+2 4962 + 363 29 "
107 [ |- - GSlHeidelberg (S-Matrix) 157+2  4175+380 7amef 0 i @ ]
o E I T
m| _05F . e ; TR | I E
T8 ok . R S R SR RS | ERERSERTRREA PRSI
BIE E il ' el |
E| 05}
w 4 e
Bls 2F
[ g 0
3P
= E
=l _4F

Figure 1.9: Graph showing the comparison of different light flavor particle multiplic-
ities (per unit rapidity) in central heavy-ion collisions compared to different thermal
models. From the ratio of model to data (shown in the middle and bottom plots),
the thermal models still slightly under-predict the multi-strange containing hadrons,
while over-predicting some baryons like the proton [52].
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1.5.2 Jet Quenching

Much like how an electrically charged probe traveling through a medium can tell us
about the medium’s electrodynamic structure based on the energy lost as the probe
travels, so too can high momentum partons be used as probes of the QGP medium.
However, as described in section 1.3.2, these high momentum partons are not experi-
mentally accessible, manifesting themselves instead as jets of hadrons all traveling in
a similar direction within the detector. The energy loss of a high momentum parton
in the QGP medium must then be inferred from the final state of the hadron jets.
Changes in the jet energy, multiplicity, shape, and hadrochemistry can give us exper-
imental data that can help constrain how these hard probes are interacting with the
QGP.

Within a heavy-ion collision, the location of the hard scatterings that lead to
dijets being produced should be distributed roughly uniformly within the collision
overlap region over a large enough sample of collisions. Because of this random
distribution, typically one of the jets will be pointed more towards the “edge” of
the collision region, while the other will be pointed more towards the center of the
collision region. This means that for dijets produced in a heavy-ion collision, one of
the jets will usually have a longer path length traveling through the QGP medium. As
this parton travels through the QGP, it loses energy via gluon radiation and collisions
within the medium[55], as depicted in the cartoon in figure 1.10.

This asymmetric energy loss in one of the dijets can by seen experimentally by
looking for high momentum particles - which most likely belong to a high energy
jet that had a short path length through the medium - and measuring the particle
production on the opposite side of the collision, where the recoil jet would normally

be. First measured by the STAR collaboration at RHIC[57], this phenomenon, known
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p+p A+A

Figure 1.10: Cartoon depicting a parton losing energy in heavy-ion collisions, leading
to the QGP signature of jet quenching. Credit: CERN, ATLAS collaboration[56]

as jet quenching, is a clear signature that high momentum partons are losing energy
within the collision medium, and that this energy loss is path length dependent. This
strong energy loss of high momentum partons was first seen as a surprising result: in
the perturbative QCD limit, the QGP was originally predicted to behave like a weakly
coupled ideal gas. This strong energy loss pointed instead towards a strongly coupled
fluid. Numerical Lattice QCD calculations have suggested that some deviation from
the ideal gas limit at high temperature is expected (=~ 20% deviation) [58], [59].
However, this deviation is thought to not be sufficient to describe the large strength
of these QGP medium interactions, and thus these jet-medium interactions are still

not understood on a microscopic level [60].

1.5.3 Collective Flow

Since individual partons within the QGP should strongly interact with the overall
medium, collision systems that produce QGP should show the emergence of collective
phenomena in the final state hadrons. One way the collective behavior of the medium

can be modelled is through collective flow components. One method of explaining
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collective flow is by using a hydrodynamic model, as depicted in figure 1.11. This
cartoon roughly depicts the process of collective flow within heavy-ion collisions in

the following way:

i. A collision between two nuclei with a non-zero impact parameter results in an
anisotropic, almond-shaped collision region (dotted line) where the initial QGP

is formed.

ii. Asthe QGP expands, it quickly thermalizes'?, the spatial anisotropy is “frozen”
into the system as a pressure gradient that is larger along the short axis, and
smaller along the long axis. This can be thought of as a consequence of the

directional-dependent path length of a parton traveling through the QGP.

iii. This difference in pressure gradients results in an anisotropic momentum dis-
tribution in the final state hadrons, with more high momentum hadrons being

produced in the direction of the steepest pressure gradients.

This flow in momentum space can be expressed as a Fourier series in the azimuthal

angle , with the typical form:

N (1+szncos n(p — \I/Rp))) (1.11)

dQPT 27TppoT
where U ip is the angle of the reaction plane, which is defined by the line connect-

ing the centers of the two nuclei at the moment of impact. Conventionally, the first

two Fourier coefficients are known as directed flow (v;) and elliptical flow (vq).

10Gince the anisotropy of the initial collision region is “washed out” as the system expands prior
to thermalization, the timing of when the system thermalizes determines how much of the initial
anisotropy is preserved in the final state momentum distribution. Experimental results suggest
an almost instantaneous thermalization in the hydrodynamic picture, giving more weight to the
description of the QGP as “strongly interacting.”
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Figure 1.11: Cartoon depicting a hydrodynamic toy model for how an initial
anisotropy in space within the collision region (i.) can lead to an anisotropy in mo-
mentum distribution for the final state hadrons (iii.).

In the cartoon example of figure 1.11, the initial almond shape of the collision area
leads to a large elliptic low component.

The large flow coefficients measured in semi-peripheral heavy-ion collisions have
been interpreted as a signature of hydrodynamic behavior in the initial strongly inter-
acting medium. In fact, the initial flow measurements in Au+Au collisions from the
STAR collaboration were consistent with the perfect hydrodynamic limit[61]. More-
over, recent studies have measured non-zero flow coefficients for smaller collisions

systems as well, including p-Pb and even high multiplicity pp collisions[62].

1.5.4 Small systems: the Onset of Collectivity?

As discussed above, the success of hydrodynamical and statistical models to describe
the collective behaviour found within heavy-ion collisions has pointed to the presence
of a strongly interacting, thermalized QGP. However, more recent measurements have
shown that these signals also appear both in smaller systems like pp collisions and

larger systems like PbPb collisions. Instead, the important system parameter seems
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to be the event multiplicity, regardless of the collision system. This can be viewed as
evidence of the formation of “QGP droplets” in small collision systems.

While these signatures of collective behavior are present in pp and p-Pb systems,
the use of hydrodynamics in explaining them in small systems is still an active topic
of debate. The two primary assumptions of the hydrodynamic model of heavy-ion
collisions - that the system is in equilibrium and that the system size is much larger
than the mean free path of the partons - are challenged by smaller collision systems.
The strength of the observed collective behavior means these signatures would have
to have been generated in small systems even earlier than the predicted time it takes
gluons to thermalize, and the mean free path assumption does not hold in these
small QGP droplets. However, new theoretical studies are investigating how and why
hydrodynamic models can still match the results of these small systems, even when
these systems don’t meet the assumptions of traditional hydrodynamic models'*[63],
[64].

This tension in the signatures of a strongly coupled QGP existing in smaller colli-
sion systems invites a closer look at the nature of these signals, such as the observed
strangeness enhancement. Specifically, if signals in heavy-ion collisions that are in-
terpreted through a hydrodynamic lens also appear in small systems where hydrody-
namics doesn’t fully apply, then studies in small systems may help identify underlying
QCD interactions that mimic hydrodynamic behavior, and may better explain these
signals across all system sizes. Especially interesting is the fact that while strangeness
enhancement and collective flow are found in pp and p-Pb systems, other signatures

associated with QGP formation such as jet-quenching have not been observed [65],

1Tn these new approaches, the damping of “non-hydrodynamic modes” at early timescales can
approximate a hydrodynamic evolution in non-equilibrium systems, leading to the ability of hydro-
dynamic models to match p-Pb, pp, and even e+e- collisions successfully
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[66]. This opens the possibility that the observed multiplicity-dependent behaviors
commonly attributed to the same QGP phase may in-fact have different points of
onset in the collisions, or even separate physical origins altogether.

Experimentally, strangeness enhancement can be measured through the ratio of
strange hadrons to charged pions as a function of system size. Comparing the produc-
tion of strange containing hadrons in this way shows that the increase in production
clearly scales with multiplicity, with significant overlap between the highest multiplic-
ity pp, mid-multiplicity p-Pb, and low multiplicity PbPb collisions (see figure 1.12).
This enhancement also scales with the number of strange quarks in the measured
particle, with the most enhancement seen for the €2 baryon (sss). This fits will with
the explanation of strangeness production as a shift towards a grand canonical ensem-
ble as the system size increases. However, the microscopic processes responsible for
the smooth increase in strangeness even in lower multiplicity pp and p-Pb collisions
is not currently understood. With this in mind, smaller collision systems such as
p-Pb, which span the multiplicity range between pp and PbPb collisions, are crucial
to understanding the origin of these collective signatures. By more closely examining
strangeness production in these intermediate-sized collisions, the origin of strangeness

enhancement can be further explored.
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Figure 1.12: (Measurement of the ratio of strange hadrons to charged pions, as a
function of multiplicity (left). Strangeness enhancement can be seen in the smooth
increase of this ratio as multiplicity increases. Also depicted are resonance ratios
to their stable counterparts (right), which show a steady decrease. This decrease is
due to the longer time between the chemical and kinetic freeze-out in the collision
evolution as system size grows [52].
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Chapter Two: Experimental Setup

2.1 The LHC

The Large Hadron Collider (LHC) is currently the largest, most powerful particle
accelerator in the world. Run by the European Organization for Nuclear Research
(CERN) and located on the border between France and Switzerland, the LHC is
a 27km long circular particle accelerator capable of colliding protons at a center
of mass energy of 13TeV and with a maximum luminosity of 10** cm=2s7! [67].
Complimentary to the proton-proton collision program, the LHC is also capable of
performing high energy heavy-ion collisions, including with PbPb, p-Pb, and XeXe
systems.

For the heavy-ion program, beams of Pb ions are collided together at center of
mass energies of 2.76 and 5 TeV per nucleon. The LHC’s first data taking period,
Run 1, occurred from 2009 to 2013, and included a dedicated PbPb configuration
in 2010. After a shutdown of three years to upgrade the detectors, as well as the
accelerator itself, the LHC entered its second data taking period, Run 2, from 2015
to 2018. The upgrades performed allowed the LHC to reach its full operating beam
energy and its design luminosity in Run 2. During this period, p-Pb and Pb-Pb ions
were collided during dedicated runs in 2016 and 2018.

The LHC contains four interaction points along the accelerator ring where the
two particle beams cross and collisions can occur. These correspond to the four main
detector experiments at the LHC: A Toroidal LHC Apparatus (ATLAS), Compact
Muon Solenoid (CMS), A Large Ion Collider Experiment (ALICE), and LHC-
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beauty (LHCD).

Protons and heavy ions are created at dedicated facilities at CERN (protons from
ionized hydrogen gas, lead ions from ultra pure vaporized lead). These particles are
then sent through a series of accelerators in order to be brought up to their full energy.
The penultimate step is injection into the Super Proton Synchrotron (SPS), where
clouds of protons or heavy ions circulate the ring in bunches that are accelerated to
99.9998% the speed of light [68]. These bunches are then injected into the main LHC
ring, where they are accelerated to their final energy. Each of these ~ 3000 (600)
proton (lead) bunches contains on the order of 10!* protons (10® lead ions), and is
squeezed into a width of approximately 20 ym near the interaction points. At full
energy and luminosity, bunch crossings happen at a rate of 40 MHz, or every 25 ns for
proton crossings [69]. Though each bunch contains billions of particles, the density of
the bunches is such that each crossing will result in an average of ~ 20 collisions for
protons. For ion bunches, the odds of a crossing interaction are lower due to the lower
density of the bunches. In the case of p-Pb collisions, only 0.06 hadronic interactions

occur per bunch crossing, and the rate of p-Pb crossings is ~ 200 kHz [70].

2.2 The ALICE Experiment

The ALICE Experiment is one of the four major detector experiments at the LHC,
and is primarily dedicated to heavy-ion physics. Situated underground at the LHC’s
Interaction Point 2, the ALICE detector was designed explicitly to look for signa-
tures of the QGP produced in high-energy heavy ion collisions. For this purpose, the
primary motivation for the detector’s design was the ability to deal with high multi-
plicity Pb-Pb collisions, where upwards of 10,000 charged particles are produced and

must be precisely tracked as they travel through the detector.
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To achieve this goal, ALICE is composed of several layers of sub-detectors, each
with an important role in the tracking and reconstruction of these large multiplicity
collisions. Most of these subdetectors comprise the central barrel, and are housed
within a large solenoid magnet formerly of the L3 experiment, with a nominal mag-
netic field of 0.5 T in the particle beam direction. The .3 magnet’s strong magnetic
field causes charged particles that are produced in collisions to undergo cyclotron
motion, with a gyroradius of r, = é%. By having a large magnetic field, and there-
fore a large gyroradius, high momentum tracks are able to have good momentum
resolution in the central tracking detectors by reconstructing their curvature. The
ALICE detector’s central barrel, measuring approximately 16 x 16 x 16 m® in size
and weighing ~ 10,000 tons, covers a rapidity window of —1 < 7 < 1 and has full
coverage in azimuth. When a particle is produced in a collision, it travels through
the central barrel detectors in the following radial order: the Inner Tracking System
(ITS), the Time Projection Chamber (TPC), the Time of Flight Detector (TOF),
and finally the Electromagnetic Calorimeter (EMCAL).

Outside of the central barrel are additional detector components in the forward
and backward rapidity regions of the detector. These include the T0O and VZERO
detectors, each made up of two end-cap calorimeters on either side of the central bar-

rel, and the Muon Tracker, situated in the forward rapidity direction. The following

sections will detail the specific subdetectors used in this dissertation’s main analysis.

2.2.1 ITS

The ITS is the detector component that is closest to the beam interaction point, and
is therefore vital for the reconstruction of the primary collision vertex. The ITS is

composed of three distinct layers of detectors: the innermost Silicon Pixel Detector
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Figure 2.1: Schematic of the ALICE Detector as it was configured for LHC Run 2.
The L3 magnet, depicted in red, houses the central barrel, which contains the main
tracking detectors of the experiment. The two beams from the LHC are depicted in
pink, with the crossover region happening in the center of the ALICE central barrel.
Inset in the top right is an expansion of the I'TS, the detector component closest to
the interaction point. Image provided by ALICE.

(SPD), the middle Silicon Drift Detector (SDD), and the outermost Silicon Strip
Detector (SSD). As the SPD sits ~4 cm from the primary collision point, it is also
useful for resolving secondary weak decays that happen small distances away from
the initial collision [71]. For the analysis in this thesis, requiring a hit within the SPD
layer is used to select only primary tracks (i.e. those tracks produced directly from
the initial collision, or produced from resonance decays [72]), while excluding child

particles of secondary decays.
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2.2.2 TPC

The TPC is the primary tracking detector of the ALICE experiment, and the main
component of the central barrel. Covering a pseudorapidity range of || < 0.9 and the
full range in azimuth, the TPC is a cylindrical ionizing drift detector that allows for
the reconstruction of the tracks of charged particles that are produced in the collisions,
as well as allows for particle identification (see figure 2.2). A central electrode is held
to a high voltage of 100kV, which creates a 400 V/cm electric field in the axial
direction throughout the detector. The central chamber of the TPC is filled with a
mixture of Ne-CO»-Nj as the ionizing gas, contained at standard atmospheric pressure
[73]. As a charged particle travels through the detector, it ionizes this counting gas.
Due to the axial electric field, these ionized molecules drift towards the endplates of
the TPC, where a series of high-voltage wire grids cause an avalanche effect in the
gas. This takes the small number of ionized gas molecules and amplifies the signal as
it approaches the readout wire chambers [74].

Since the primary goal of the ALICE Experiment is to study high multiplicity
heavy ion collisions, single track resolution and two-track separation are primary
concerns for the TPC. For single tracks, the spatial resolution for track points is ~
1mm in the axial and transverse directions. The momentum resolution from the
TPC as a standalone detector ranges from 2% to 7% as momentum increases from
1GeV/c to 10 GeV/ec.

In addition to spatial and momentum information, the TPC also functions as a
means of particle identification. As a charged particle travels through the gas volume,
it loses energy as it ionizes the gas. This energy loss can then be characterized by
the Bethe-Bloch function [73]:

dE,  4nNe'Z? (| 2m 3%y o(B)
R (m - —52_7) (2.1)
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Figure 2.2: Schematic drawing of the ALICE Time Projection Chamber with a cutout
showing the inner chamber [74]. A high voltage difference between the central elec-
trode and the endplates causes the ionized gas to drift towards the readout chambers.

where m, is the mass of the electron, Z is the charge of the particle traveling
through the gas, [ is the velocity of the particle as a fraction of the speed of light
c, and I is the average ionization energy of the gas molecules. Since most of these
parameters are fixed by the specifics of the gas chamber, this gives us a relationship
between a particle’s energy loss, momentum, and mass. Each particle species then
has an expected energy loss as a function of its momentum, and therefore can be
separated and identified (fig. 2.3). With an energy loss resolution of roughly 5%, the
energy loss of a given track can be compared to the expected behaviors of different
particle species [75]. Low momentum particles are well resolved by this method.
However, even in the higher momentum regions where the different particles overlap,

a cut on the expected energy loss can still be useful to minimize background.

59



ALICE performance
pp, Is=13TeV

(arb. units)

—
o
™

dE/dx in TPC

1 1 1Il|||| 1 1 IIIIII|

1 10
p (GeV/c)

Figure 2.3: Example of the TPC energy loss (dE/dx) vs. momentum for LHC Run2.
Expected curves for different particle species are shown in black. Image from ALICE.

2.2.3 TOF

The TOF is a Multigap Resistive Plate Chamber detector that covers the central
region of |n| < 0.9 and full azimuth. It is designed to give particle identification
information for particles whose momenta falls outside of the TPC’s discriminatory
range. The TOF is composed of a cathode and anode surrounding equally spaced
layers of resistive plates and a Freon-rich gas mixture [76]. As a charged particle leaves
the TPC, it passes through the gas filled gaps of the TOF, ionizing this gas mixture
as it goes. This ionization gives an immediate time signal for when the particle hits
the TOF'. Signals from the endcap T0 detectors are used in order to find the t=0 for

the collision to act as a baseline for the TOF measurement. This timing information
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can then lead to particle identification using the formula (in natural units):

where m is the mass of the particle, p the momentum, ¢ the time traveled, [ the
track length, and (3 is velocity over the speed of light. With a resolution of ~50 ps [77],
this TOF time signal can give good particle mass discriminatory power for medium
momentum particles from 0.2 GeV/c to 2.5 GeV/c. Above this, the detector is less
able to distinguish between the lighter particles (7, K, e), though it maintains some

discriminatory power for the proton (see fig. 2.4).

10*

p-Pb VSNN =5.02TeV

'.'.'-..'."'1"1. - '.. I]' N ...
0 0.5 1 1.5 2 2.5 3 35 4 45 5 !
p (GeV/c)

Figure 2.4: Example of the TOF timing signal (here combined with the track length
to calculate 8 = v/c) vs. measured momentum in p-Pb collisions. The curves for the
different particle species (separated due to their mass differences) are labeled in black
[70].

61



2.2.4 VZERO

The VZERO subdetectors are comprised of two end-cap scintillator detectors: VOA,
located in the forward rapidity region (2.8 < n < 5.1); and VOC, located in the
backwards rapidity region (-3.7 < n < -1.7). The VZERO detectors, being outside of
the central rapidity region used for the main measurements in this thesis, are crucial
for estimating the overall multiplicity of events, as well as for triggering purposes.
Their asymmetric position in rapidity space is used with the timing of the two signals
to trigger only on events that occurred within the center of the detector, rather than
on peripheral beam-gas interactions[78]. In addition, as discussed in section 1.4.2,
the measured activity in these forward and backward regions can be correlated with
the multiplicity in the central pseudorapidity range. This allows for the separation of

events into groups of similar multiplicity, and therefore similar collision system size.

2.2.5 EMCAL & DCAL

The EMCAL is a large lead scintillating calorimeter. Positioned at the outside of the
ALICE central barrel, it covers a pseudorapidity range of |n| < 0.7 and roughly a
third of the azimuthal range (A¢ = 100deg) [79]. The Di-jet Calorimeter (DCAL)
is an identically built detector installed on the opposite side of the central barrel
(Ap = 60deg) for LHC Run 2 [80]. The DCAL is designed to capture back-to-back
jet signals by expanding the ALICE calorimetry coverage.

The design of the two detectors are identical, consisting of individual calorimetry
cells made up of 77 alternating layers of lead and scintillator tiles, leading to an
array of optical fibers for signal readout. These individual cells are grouped together
into modules, and then further into larger structures called supermodules. Within

a supermodule, modules slightly change in orientation in the direction of increasing
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rapidity. This allows each cell to cover the same area in ¢ and n (Ap x Anp =
0.0143 x 0.0143) (see fig. 2.5). Each supermodule then sends its signal to its own

Readout Control Units (RCU), which sends the data to be written to storage.

Figure 2.5: Schematic drawing of the ALICE EMCAL (left) [79] and DCAL (right)
[80]. For LHC Run 2, both the EMCAL and DCAL were installed and operational,
providing a large azimuthal coverage for better di-jet reconstruction.

Figure 2.6: An example of an individual EMCAL module (left) and supermodule
(right) [81].

2.2.6 Calibration for the EMCAL & DCAL

As part of the data processing and collection steps, the measurements coming from the
detectors and sub-detector components of ALICE must be properly calibrated. The
execution of timing calibration for the EMCAL and DCAL detectors was performed

as part of specific service work requirements to become a member of the ALICE

63



collaboration. In addition to the service work of performing the established calibra-
tion procedure, additional new techniques were developed to allow for the successful

calibration and recovery of run data previously considered as ”bad.”

2.2.6.1 Timing Calibration

In order to exclude any signals within the EMCAL and DCAL that may originate
from pile-up collisions (i.e. nearby collisions that happened directly before or after
the main, triggered collision), the time signal from the EMCAL must be precisely
calibrated. As the pp interaction rate during Run2 of the LHC was 40 MHz, in order
to exclude pileup events, a cut of less than + 25ns is needed around the primary
collision, and therefore a timing calibration is necessary so that each cell of the
EMCAL is aligned to the same primary interaction timing.

Due mostly to the length of wire connecting each cell to the readout unit and the
signal processing time, the time signal of the EMCAL is offset from the interaction
time by ~ 600ns. However, as a cell’s position within a given supermodule (SM)
effects the length of readout wire (as well as differences in readout time) a timing
offset must be found for each individual cell. After this offset is found and removed,
each EMCAL cell has a time signal that aligns with the initial collision corresponding
to t = Ons, allowing for tight cuts to exclude pileup events.

To perform this calibration, we must first select all EMCAL signals that are likely
to have come from the initial collision. For this, the EMCAL signals for the timing
calibration are required to have high cluster and cell energy requirements, as these
high energy signals have a tighter time spread. A sample of these signals can be seen
in figure 2.7 for each cell, where each SM can be seen to have a different distinct

distribution and average.
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Figure 2.7: Example 2D plot of the raw timing information of each EMCAL signal
for each cell in a subset of the full detector. The dense band at ~ 600 ns corresponds
to main collision events, while the lighter bands correspond to pileup events. The
slope of the main band within each SM is due to the difference in readout wire length
due to the position of a cell within the module.
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Since the timing calibration offset is predominantly a function of the specific
configuration of the detector’s hardware and software, it is generally a stable value
across multiple run periods as long as the detector remains unchanged. Nevertheless,
the timing offset per cell is found for each run period separately as an initial pass.
Afterwards, run periods with similar configurations - and therefore similar timing
offsets - can be combined together to calculate a single overarching offset, giving

greater timing resolution than the individual run periods on their own.

2.2.6.2 L1 Phase Correction

Complicating the time calibration procedure is a mismatch between the clock fre-
quency of the EMCAL supermodules’ readout window (10 MHz) and the LHC col-

lision frequency (40 MHz). This mismatch in clock frequencies leads to a distinct
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structure of 4 primary interaction peaks in the raw time distribution (fig. 2.8). To
correct for this, a ”"phase” within the 100ns SM clock window, referred to as the
L1 phase, must first be accounted for in order to properly calculate the time offset.
Before the L1 phase correction is applied, there is a separate peak structure for in-
teractions depending on the mismatch between the LHC collision frequency and the
DCAL clock readout window, creating four distinct peaks separated by 25ns in the
raw time distribution. Once the correct L1 phase is found, all collision data can be
combined to produce a single time distribution peak for the main interaction, and

the pileup signals can be cleanly removed.
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Figure 2.8: An Example of the effect of the L.1 phase mismatch on the raw time signal
of the DCAL (left), and the L1 phase and offset corrected time distribution (right).
In both plots, the distribution of time signals for only a specific supermodule (SM
19) within the DCAL is shown.

To find the L1 phase of each SM, the EMCAL data is separated into four collec-
tions based on the collision Bunch Crossing (BC) number of the interaction modulo 4
(see fig 2.9). This separates out events based on where within the 100 ns window these
events took place in steps of 25ns (the time between pp collisions). We then find,
for each SM, which of these four data collections has the lowest value for the mean

interaction time, and the L1 phase correction is set to this particular BC( mod 4)
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value. Once the L1 phase is found, the EMCAL timing data is corrected to show
a single peak for the main interaction time, and the time calibration procedure can

continue.

BC 678 —» BC%4 =2

BC 677 —» BC%4 =1
musmemsmimmenssss: . BC 676 — BC%4 =0
25 ns i

v . , BC 674 - BC%4 =2

100ns

BC 675 -+ BC%4=3

Figure 2.9: Diagram showing the effect of the frequency mismatch between the LHC
and EMCAL readout clock. The 100 ns EMCAL readout clock period is depicted
between the dashed lines, while the rough timing of individual pp collisions is depicted
in red. For any given interaction in the ALICE detector, the bunch crossing number
of the interaction modulo 4 gives where that interaction will occur in the EMCAL
readout clock. The ability to separate out events in this way is crucial to being able
to calibrate the time of the EMCAL signal.

2.2.6.3 Full Time Correction

Putting together the entire time calibration procedure, the following process is re-

quired for each Run Period:
1. Calculate the L1 phase for each SM, giving a phase correction of 0, 1, 2, or 3.

2. Using the L1 phase correction, calculate the average time for each cell using a
large 400 ns window around a central value of 600 ns. This gives a first rough

time offset.
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3. Using the L1 phase and rough time offset, calculate the average time of each

cell with a small 20 ns window centered at Ons to get a final time offset.

4. After quality checks, the L1 phase correction and final time offset are uploaded

to the Offline Analysis Database (OADB) for the given run period.

While the final time offset should be the same for each period (unless the EMCAL
detector has been modified between periods), the time calibration procedure is still
performed separately for each run period in order to assure quality of the final time
distribution. Once specific periods are shown to have well resolved time distribu-
tions (and therefore well resolved time offsets), they can be combined to increase the

accuracy of the final time offset.

2.2.6.4 Pause & Reset Runs and Phase Alignment

When a data taking run in ALICE is ongoing, it will occasionally happen that a
subdetector will malfunction and require a hard reset in order to continue to collect
data. To avoid having to fully stop and start a new run of data collection each time
one of these malfunctions happens, ALICE allows the option to perform a Pause &
Reset (PAR) procedure. This allows for the reset of a specific detector subsystem
without interrupting the entire run.

While this PAR procedure is useful for efficient data collection, it has an unin-
tended consequence for the EMCAL: each time a PAR is performed, it will cause
the EMCAL L1 phase to be reset across all SMs. This means that instead of having
a single L1 phase correction, runs where a PAR occurred require multiple L1 phase
corrections for data collected before and after each PAR in order to be calibrated (i.e.
each run requires N, + 1 phase corrections for each SM). Due to the way the time

correction had been previously performed, the initial collision timing distribution is
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then split from a single peak into multiple peaks (see fig. 2.10). This leads to no
longer being able to separate the main collision from the pileup events, and these
runs were thus considered bad runs and rejected for EMCAL analyses.

In order to maximize the amount of data available for EMCAL analyses, it was
necessary to update the calibration procedure to allow for the recovery of these oth-
erwise good PAR events. This requires a way to separate the PAR runs into data
collected before and after each PAR, as each of these periods would require a separate
L1 phase correction. This also requires a new way to store and retrieve this PAR
information in order to perform the actual timing calibration and fully recover these
runs for data analysis.

To identify the exact time when a PAR occurred in relation to the a given run, a

unique timing identifier is given to each PAR event, computed as:

(PAR ID) = BC + O * 3564 4+ P % 597793994260

where BC' is the bunch crossing number, O is the orbit, and P is the period where
the PAR event occurred. By reading a list of all the unique times a PAR occurred
during a specific run, collisions can be separated into timing distributions based on
which PAR event they were before or after. These time distributions can then be fit
separately for the L1 phase. Once these separate L1 phases are found, they are stored
and applied before the rest of the calibration steps occur. This enables the full run
to be used for the time calibration, giving a good time resolution for the final per-cell
timing offset even in previously bad PAR runs. To allow these formerly bad runs
to be used by analyzers, the calibration database was updated to include the unique
PAR ID within the name of the L1 phase objects, allowing for on-the-fly calibration
to be applied as needed for EMCAL and DCAL analyses.
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Figure 2.10: Example of the timing distribution for a single SM (SM9) during a run
with multiple PARs. Each PAR here has reset the L1 phase, leading to distinct peaks
for before and after the time when each PAR occurred. (bottom) A zoomed portion
of the top plot to show the third peak structure, which is smaller due to the smaller
number of collisions that occurred between when PAR 1 and PAR 2 were executed.
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Chapter Three: Measuring Production of ¢(1020)

In p-Pb Collisions: How and Why

Finally, after establishing all the necessary theoretical frameworks and experimental
history, it is possible to delve into the main topic of this dissertation: Investigating
the onset of strangeness enhancement using ¢(1020) meson production
in p-Pb collisions. The goal of this work is to look for the origin of strangeness
enhancement via different production processes within small collision systems. In

order for a study to accomplish this, it would need to:

1. Separate strange particles from non-strange particles.

2. Separate out particles produced in hard scattering processes (i.e. jets) from
those produced in softer processes, which would include production within a

QGP phase.

3. Be performed across a range of intermediate event multiplicities to study the

emergence of this behavior.

To the first point, the ¢(1020) meson was selected for this analysis as a useful
strange probe (see sec. 3). Comparing the production of the ¢(1020) to inclusive
charged hadrons provides a way to study strangeness production with respect to a
non-strange baseline. To the second point, performing jet-like angular correlations
can separate out particles that are associated with a jet (more hard scattering-like)

from those that are not associated with a jet (more soft scattering-like).
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And finally, p-Pb collisions measured at ALICE provide enough data to per-
form this measurement for several different multiplicity ranges, allowing for a look
at ¢(1020) production as a function of increasing system size. Putting all of this
together gives a novel way to look at strangeness via ¢(1020) production within small

systems by using two particle angular correlations.

3.1 The ¢(1020) Resonance as Strangeness Probe

The ¢(1020) meson (s3) is a resonance particle, and therefore decays via the strong
force within a very short lifetime. However, this lifetime (=~ 45fm/c) is longer than
other strange resonance particles, such as the K*. By virtue of this longer lifetime,
¢ produced early on in the collision can survive the entire collision evolution, specif-
ically the hadronic gas phase that occurs after the QGP phase and before the final
kinetic freeze-out. Lasting for ~ 1fm/c in p-Pb collisions (=~ 0.5 — 10 fm/c for PbPb
collisions), the hadronic gas phase is where rescattering and regeneration effects can
act to enhance or suppress measured resonance production, respectively (see figure
3.1)[82], [83]. By living through the entire collision evolution before decaying, ¢ yield
measurements are not notably changed by these two effects [84].

While the ¢(1020) meson contains zero net strangeness itself (being composed of
one strange quark and one strange anti-quark, for a total strangeness S=0), it still
requires a strange quark anti-quark pair to be created within the collision in order
to form. Since strangeness enhancement is seen to increase with the net strangeness
of a particle species, by comparing the ¢(1020) meson production with other strange
particles, it is seen that the ¢(1020) experiences enhancement similar to a particle
with net strangeness S between 1 and 2 [85]. This enhancement is observed across

many different collisions systems, and is dependent only on event multiplicity (see
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Hadronic Gas Phase

Figure 3.1: Cartoon depicting rescattering and regeneration processes in the hadronic
gas that can effect the measured yields of resonances in heavy ion collisions. The left
interaction shows a rescattering process, where one of the K* decay particles elasti-
cally scatters off another hadron in the gas, destroying the invariant mass correlation
between the two child particles of the K*. The right interaction shows a regeneration
process, where two pions scatter through a p(770) resonance state, before decaying
again to two pions. This will increase the measured production of the p meson by
adding a resonance that was produced after the initial collision/deconfinement phase
occurred.

figure 3.2). With these properties in mind, the ¢(1020) is a useful probe for studying
strangeness enhancement with little “contamination” from other physical effects on

the measured production.

3.2 Two-Particle Correlations

Given some property 6 of interest to be measured in a collision experiment, it is often
useful to study the correlation between 6 measured for a “trigger” particle X and for
an “associated” particle Y. Here, the requirements for a particle to be considered
a “trigger” or “associate” can be any of a number of different properties (particle
species, momentum, energy, etc.), or they may have no requirements at all. If the

measurement is carried out over an ensemble of many collisions, and the measured
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Figure 3.2: The momentum integrated ¢ /7 ratio plotted as a function of event charged
particle multiplicity. This ratio increases smoothly across a wide range of multiplici-
ties, with no dependence on the specific collision system studied.

value of 6 is binned in a histogram with bins of finite width, then the number of
counts in bin ¢ for particle X can be thought of as a random Poisson variable 0; x. In
other words, the number of times that a particle X is measured with property € in
bin ¢ in the ensemble is now the random variable of interest. This allows for the use
of the standard Pearson’s correlation coefficient between the count for particle X in

one bin, and the count for particle Y in another bin:

corr (s, 0;) = “2ix:bix) (3.1)

00, x 00, y

where the numerator is the covariance of the joint probability distribution for
counts in bin ¢ for particle X and bin j for particle Y, and the denominator is the
product of the standard deviations of the single particle, single bin distributions
[86]. Pearson’s correlation coefficient measures the linear correlation between the two

variables, varying between a value of 1 (perfectly correlated) and -1 (perfectly anti-
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correlated). In this application, the correlation coefficient answers the question “If
more X particles with properties 6; are measured, would the number of Y particles
with property 6; be expected to rise or fall, or are the counts in these two bins for

the two particles not linearly correlated?” The covariance is defined as:

cov(0;,x,0;y) = (Uix — (0ix)) by — (0jy))

= (0ix0;y) — (0ix)(0;v),

with () denoting the average value over the ensemble of events.

The histogram bin counts are assumed to follow a Poisson distribution over the
large number of events in the ensemble. Thus, one can use the fact that oj = (6;)
(i.e. the variance is equal to the mean number of entries in bin ) for Poisson random
variables to re-write the full correlation function as:

(0: x0;y) — (0ix){0;v)
(0:x)(0;.v)

=t (3 1)

corr(b; x,0,v) =

Next, it is noted that the expected number of counts in bin 6; x is the same as
the probability of particle X having a 6 value in bin ¢ in a single event, multiplied
by the total number of X particles Nx in the sample of events. This then lets all
the expected bin counts to be re-written in terms of the probability function of the
underlying variable, i.e. (0; x) = NxPx(0;) and (0; x0;v) = NxNyPxy(6;,0;v).
In practice, the correlation ratio is often simplified and presented without the initial

pre-factor and —1, leaving;:

PX,Y<9i,X7 GJ,Y)
Px (6:) Py (0)

C(Qiyx,eiy) — (32)
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3.2.1 Jet-like Two Dimensional Angular Correlations
From the derivation in the previous section, a two particle correlation function in 2-D
angular space can be written as:

Pt a(@pty Mty Pas 77a)
C as’la) = : ’
(%6, Mts Pas Na) Pi(01, 1) Pa(ay 1)

where P, , is the joint probability distribution of angular measurements (¢, ;) of
the trigger particle and angular measurements (., 7,) of the associated particle, and
P, and P, are the single particle probability distributions.

For the purpose of this analysis, the “trigger” particle is always a high momentum
hadron. When their transverse momentum is over 4 GeV/c, high pr hadrons are
closely aligned with the center of a jet-axis (found using jet reconstruction methods
such as the k7 or anti-kr algorithms)[87]. This means that choosing a high momentum
hadron as the trigger will give a good approximation of the correlation between jets
and the measured associate particles, while also including hard scattering processes
that may be missed when considering full jet reconstruction algorithms.

Symmetries inherent in the experimental setup can help simplify this correlation
function. First, the four single-particle random variables (¢, 1, @4, 7a) can be trans-
formed to two sum variables (X, ¥n) and two difference variables (Ag, An). These
are defined as Yo = ¢; + ¢, and Ap = ¢, — @, (and likewise for 7). Since experi-
mentally the collisions must, on average, be symmetric in azimuth (due to the initial
beam energy being entirely in the longitudinal direction), the correlation function
should not depend on the sum variable ¥¢. Likewise, because experimentally mea-
sured particle production is roughly constant in the central n range (and therefore the
physics of the collision should not depend on 7 in this central region) the correlation

should not depend on the sum variable ¥n!'. This argument that the correlation does

IThese symmetry arguments are essentially equivalent to the criteria for a stochastic process to
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not depend on the sum variables has also been experimentally verified [88], [90]. This
then allows the four variable correlation to be reduced to two variables (Ap, An),
without losing any physics information.

Using this simplification, an experimental correlation function using the difference

variables can be approximated as:

S(Ap, An)
Ap, An) ~ —— 1 — .
ClAe AN ~ S A, A (3:3)
here, S(Ap, An) = % is the distribution for trigger-associate pairs from

the same event, which is equivalent to the joint probability distribution. The term
M E(Ag, An) is the mixed-event correlation, and is constructed by taking trigger and
associated particles from different events, which then acts analogously to the product
of the single particle distributions [91].

This experimental form of the correlation measure can be re-scaled slightly to give

a new quantity, the per-trigger correlation function:

1 1 ME(0,0) x S(Ap, An)
ri A 7A = 7 !
Ot g( (;0 T’) Ntcrolzr 5trig k 5assoc ME(A907 AT/) (3 )

where N7 is the efficiency corrected total number of trigger particles and € are
the single particle efficiencies*acceptances [92]-[94]. Here, the mixed-event distribu-
tion acts as correction factor for the two-particle acceptance of the detector. The
additional scaling factor, M FE(0,0), acts to scale the mixed-event distribution such
that the scaled mixed-event correlation is equal to 1 for trigger and associate particles
that are in identical directions [95].

This per-trigger correlation function contains roughly the same information as the

original Pearson’s correlation coefficient. However, rather than giving a correlation

be considered “stationary”, and therefore for the autocorrelation function of the process at time t;
and t5 to only depend on the difference 7 = ¢; — t2 [88], [89].
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coefficient between 1 and -1, this formulation of the correlation function gives the
number of correlated trigger-associate pairs per trigger particle in a given Ay, An
bin. This is approximately equivalent to the number of associated particles
produced per trigger particle within events that contain a trigger (see section
5.2.1 for more detail on this point). The correlation function then acts as a way to
measure the associate particle yields in relation to the trigger particle - in the case of

this dissertation, yields of ¢(1020) mesons inside or outside of a jet.

3.2.2 Mixed Event Correlations

With this simplified version of the angular correlation function, there are two main
measurements needed: the same event correlation and the mixed-event correlation
(see fig. 3.3). For each event in the ensemble, the same-event correlation, S(Ag, An),
is filled by finding a trigger particle and measuring the relative angles between it and
all associated particles in the same collision event. The mixed-event correlation,
ME(Ap, An), is constructed by correlating trigger and associated particles from sep-
arate events, giving an approximation of the product of the single particle probabilities
in the denominator of the correlation function. In order for this approximation to
hold, the mixing of events must be between two relatively similar events. For this
reason, the mixing occurs in three different multiplicity bins, and is also separated
into mixing pools based on the location of the primary collision vertex within the
detector.

An example of a two dimensional same event and mixed event correlation can be
seen in figure 3.4. The characteristic triangular shape in the An direction is explained
by the finite acceptance of the detector in 1. In general, if two independent random

variables X and Y have a uniform probability distribution, then the variable Z =
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event b

trigger__eventa

S(Agp) ME(Agp)

Figure 3.3: Cartoon schematic showing the construction of same-event and mixed-
event correlations for simple 1D angular correlations. The yellow tracks are the
produced particles within a single collision, while the green and red tracks are the
trigger and associate particle, respectively.

X —Y will have a triangular probability distribution of the form P(Z) = a|Z +b| + ¢
for some constants a, b, and c. As particle production in the collisions is roughly
uniform across the central n region (and the trigger and associate particles must be
independent of each other in the mixed event case by definition), the difference, An,
is dominated by this triangular expression. Dividing the same event by the mixed
event distribution then removes this finite detector effect. Normalizing the mixed-
event distribution by its value at M E(0,0) ensures that the two particle acceptance
effect is equal to 1 when the trigger and associate particle are going in the same
direction. This must be true by definition, since there cannot be a two-particle
detector acceptance effect if both particles are traveling in the same direction: either

they’re both in the acceptance, or neither is.
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Same Event 2D Angular Correlation Mixed Event 2D Angular Correlation

Figure 3.4: An example of a two dimensional angular correlation (An, Ayp) for trigger
and associated particles from the same event (left) and from different, mixed events
(right). The same-event correlation contains both physical correlation structures (e.g.
the peak around (An, Ap) = (0,0)), as well as effects from the finite detector size.
The mixed-event correlation should only contain the detector acceptance effects (e.g.
the triangular distribution in An), and is therefore used to correct for these effects in
the same-event correlation.

3.3 Measuring h — ¢ Angular Correlations

Since the ¢ meson decays well before entering the ALICE detector, it must be recon-
structed from its decay children particles. For this analysis, the ¢ is reconstructed
from the ¢ — KK~ decay channel (B.R. 49%)[19]. This reconstruction is performed
by taking all unlike-sign (US) KK~ pairs in the event and computing the invariant
mass and momentum of the parent particle assuming the pair came from a single

decay. That is, the parent invariant mass can be calculated as:

mix =V (Ex, + Ex,)? — [Pk, + Pra|? (3.5)

where the energy of each of the kaon candidates is calculated assuming the particle
has the mass of a kaon (i.e. Ex, = \/m3 + |pk,|?). The invariant mass distribution
can then be used to find those pairs that fall within the mass peak of the ¢ meson

(fig. 3.5). However, some random combinations of unlike-sign kaon pairs will fall into
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the ¢ mass peak range even if they didn’t decay from a ¢. In order to successfully
reconstruct the number of ¢(1020) mesons produced, these random pairs, known as
the combinatorial background, must be removed. To do this, the invariant mass
of like-sign (LS) kaon pairs (which will not contain the ¢ decay peak) is used as a
background estimate. The LS distribution must then be scaled to the same value as
the US distribution in the sideband regions (i.e. far away from the ¢ mass peak) to
accurately capture the combinatorial background. The scale factor, krg is defined as
the yield in the left and right sidebands in the unlike-sign distribution, divided by

the same yields in the like-sign distribution.
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Figure 3.5: The calculated invariant mass of unlike-sign kaon pairs(black), and an
estimate of the combinatorial background (red) using the scaled mass distribution of
like-sign kaon pairs. The excess at a mass of 1020 MeV /c? is the ¢ invariant mass
peak.

The combinatorial background subtraction is tested by fitting the resulting BG-
subtracted invariant mass distribution to a Voigtian function (a Gaussian convoluted
with a relativistic Breit-Wigner distribution)[96] plus a polynomial term to capture

residual background (see fig. 3.6). For the momentum ranges considered in this
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analysis, the like-sign background subtraction leaves a residual background under the
¢(1020) mass peak of less than 1% of the total ¢(1020) signal. In addition, the ¢ mass
peak region used in this analysis (1.014 < mgx < 1.026 GeV /c?) doesn’t capture the
entire mass distribution, so an additional factor is needed to correct for the missing
distribution tails. This factor, Kgignal, is computed from the Voigt fit function of the
like-sign subtracted mass distribution. By dividing the integral of the Voigt fit in the
mass peak region by the integral across the entire mass space, the mass peak region
is found to capture ~ 80% of the reconstructed ¢ mesons, giving a correction factor

of kSignal == 1/08
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Figure 3.6: The unlike-sign invariant mass distribution after subtracting off combina-
torial background, estimated using the scaled like-sign distribution. The mass peak
is fit to a Voigt function for the mass peak, and an additional polynomial for the

residual background (red). The residual background is < 1% of the signal, and for
this analysis is ignored.
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3.3.1 Reconstructing the ¢(1020) for Angular Correlations

To reconstruct the ¢ for the angular correlations, the correlation measurement (h —
KK) is performed for three different US kaon-pair invariant mass regions: the ¢
mass peak region (1.014 < myx < 1.026 GeV/c?), the left sideband region (LSB)
(0.995 < mgr < 1.005GeV/c?), and the right sideband region (RSB) (1.040 <
myr < 1.060GeV/c?). The correlations in the two sideband regions are averaged
together and used to estimate the shape of the distribution produced by correlating
the trigger hadron with a combinatorial kaon pair (see fig. 3.7). By integrating
the Voigtian fit, the unlike-sign kaon pairs in the sideband regions are calculated to
contain much less than 1% ¢ decay kaon pairs.

Taking into account these additional terms for the reconstruction process, the

final per-trigger (h — ¢) correlation function is given as:

Ch*¢(A907 An) = kSignal <Ch(KK) Peak(AgO, A?])

trig

krs 1 h—(KK) LSB 1 h—(KK) RSB

2 trig
Ent Ent

(3.6)

with the three different C},;, functions defined by eq. 3.4 for the three different
collections of KK~ pairs (the ¢ mass peak, the left sideband, and the right sideband

regions).

3.3.2 Jet and Underlying Event Yields

Once the two dimensional angular correlation is computed, for statistical consider-
ations the correlation function is projected onto the single Ay axis (see fig. 3.8).
While this does cause some loss of information in the An direction (i.e. the near

side jet is better captured with a cut in both An and Ag), the decrease in statistical
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Figure 3.7: A depiction of the (one dimensional) angular correlations from the three
different KK invariant mass regions: the correlation from the left and right sidebands
(lower left), and the correlation from the mass peak region (lower right). The invariant
mass distribution (top) shows the different ranges of the sideband regions (gray)
and mass peak region (green). In the mass peak region correlation, both the full
correlation is presented, as well as the background correlation from the combinatorial
KK background laying underneath the mass peak (calculated as the average of the
two sideband correlations).

fluctuations in the 1D correlation allows for a better distinction between the jet peaks
and the uncorrelated background.

The now one-dimensional angular correlation is divided up into three different
regions to calculate the yields of correlated pairs: the near-side jet, the away-side jet,
and the underlying event (see fig. 3.9). In order to separate the jet peaks from the

underlying event, a flat background estimate is used by computing the average over
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Figure 3.8: Example plot showing the result of projecting a 2D angular correlation
(left) onto the Ay axis from the range |An| < 1.2 to produce a 1D angular correlation
(right).

the region away from the two jet peaks (—7/2 < Ap < —7/4, /4 < Ap < 57/8, and
117/8 < Ay < 37w/2). This flat background assumption is equivalent to a two-source
model, where produced particles are either produced in jets or in the underlying
event, and the two regions are uncorrelated with each other [97]. The near-side yield
is then defined as the area above this background in the region —7/2 < Ap < 7/2.
Similarly, the away-side yield is defined as the area above the background in the region
/2 < Ap < 3mw/2. The underlying event yield is computed as the area underneath
this flat background across the whole angular range (more detail on the underlying

event estimation is provided in section 5.2.3).

; dZNpair )
Ntrig dApdAn/?

Since the correlation function gives the per-trigger pair-wise counts (
if events only contain one trigger particle on average, then these pair-wise yields are
approximately equal to the per-trigger single particle yields (i.e. the integral over the
entire correlation is ~ ﬁNqﬁ) (see section 5.2.1 for more details on this point). In
this way, the one-dimensional (h — ¢) angular correlation allows for the measurement

of the per-trigger ¢(1020) yields inside and outside of jets.
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Figure 3.9: Example plot depicting the different regions of a dihadron angular corre-
lation: the near-side jet (red), the away-side jet (blue), the underlying event (green),
and the total pair yields (pink).

3.4 Measuring Dihadron Angular Correlations

Since the end goal of this analysis is to study strangeness enhancement through
changes to the ¢/h production ratio, additional (h — h) correlations are needed to
provide the non-strange baseline. For this purpose, dihadron correlation measure-
ments are taken using inclusive charged hadrons as the associate particle. Because
there is no additional reconstruction step for the inclusive hadrons, this per-trigger

correlation function is given exactly by equation 3.4:

1 1 ME(0,0) * S(Ap, An)
W(Ap, Ap) = ' '
Ch h( 2 77) Ntcr(;gr gtrig * €gssoc ME(A907 AU) (3 7)

The dihadron same-event correlations are corrected for the two-particle detector
acceptance by the mixed-event correlation in the same way that the (h — ¢) correla-
tions were. The dihadron correlations then go through the exact same yield extraction

procedure as the (h — ¢), where the correlations are projected onto the Ay axis and
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divided up into the different jet and non-jet regions. Integrating the dihadron corre-
lation in each of these regions gives the number of charged hadrons produced

per trigger particle within events that contain a trigger.

3.5 Measuring the ¢/h Ratio In Different
Production Regimes

Once both the (h — ¢) and (h — h) 1D correlations are measured, and the different
regions within the correlation space are defined, integrating within each of those
regions gives the number of per-trigger pairs (Ny,_g) and N(,_p)) produced within
the near-side jet, the away-side jet, and the underlying event. Since these pair-wise
yields are approximately equal to the number of per-trigger associate particles (N
and Np,) produced, then this allows access to the per-trigger ¢/h yield ratios within
jets and within the underlying event separately. These ratio measurements give a
direct way to look for changes to the production processes that are responsible for

the overall observed strangeness enhancement.
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Chapter Four: Analysis Details

This chapter will explain the exact event and track cuts used for this analysis, as
well as all relevant technical details in performing the measurements discussed in the

previous section.

4.1 Event & Track Reconstruction

To understand the event and track quality criteria used in this analysis, it is useful
to have a basic understanding of the event reconstruction process used by ALICE
during the LHC Run 2 data taking period. The ALICE track reconstruction method
uses an iterative process to determine track parameters and the primary vertex (i.e.
initial interaction point) at the same time, using a Kalman filter for smoothing and
fitting[98]. The initial step is to find a first estimate of the interaction point using
just the hits on the inner layer of the ITS detector, the SPD. Next, tracks are found
by propagating track points inwards through the TPC towards this interaction point.
Next, the TPC tracks are matched with points in the I'TS detector, continuing the
propagation inward. Once all tracks are propagated inwards, the interaction point is
then refit, and the tracks are now refit and reconstructed by propagating outwards.
At this point, the tracks are also matched with other detector signals if possible
(TOF, EMCAL, etc.). After this outward propagation, the primary vertex is refit for

a last time using the final track parameters.
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4.2 Event Selection

The dataset used for this analysis was collected in the 2016 p-Pb period (LHC16q)
during LHC Run 2. This period was run with a center of mass energy-per-nucleon of
VNN = 5.02TeV. The events that were considered were taken from two separate but
similar reconstruction schemes, labeled “FAST” and “CENT_wo_SDD”. These two
schemes are cross checked to confirm they have identical efficiency. Since these two
datasets have the same detector configuration and were therefore compatible from a
physics stand point, they were combined together to give a total sample of ~ 600
million p-Pb minimum bias (MB) collision events. The MB trigger simply requires
coincident signals from the two VZERO detectors (accounting for the difference in
distance from the interaction point to the VOA and VOC components).

Events were further selected for analysis by requiring a primary collision vertex
position of less than 10 cm from the center of the detector in the longitudinal direction,
and with at least 3 reconstructed tracks in the event. The VOA estimator, which uses
the signal of the VOA detector located in the forward rapidity direction, was chosen
to determine event multiplicity percentile, and the events were separated into three
multiplicity percentile bins: 0-20%, 20-50%, and 50-80%. These event and multi-
plicity requirements reduce the total number of events considered to approximately
420 million events (see Table 4.1).

Multiplicity | Total Evts. | Has 3 Tracks | [Vtxz| < 10cm + 3 tracks || % Pass

0-20% 1.218E08 1.217E08 1.061E08 87.1%
20-50% 1.840E08 1.835E08 1.590E08 86.4%
50-80% 1.850E08 1.804E08 1.563E08 84.5%

Table 4.1: Number of events passing our criteria for each multiplicity bin considered.

Because the collision beams are composed of focused clouds of particles called

“bunches”, when a bunch crossing occurs there is a probability that multiple proton-
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proton or Ion-Ion pairs will collide during the same crossing. The tracks from these
additional collisions, known as “pile-up” events, must be removed in order to correctly
reconstruct the central collision of interest. Thus, for all events, a standard “physics
selection” was applied offline to remove tracks and signals originating from collisions
that occurred far away from the primary vertex.

The event multiplicity percentile bins can be converted to their mean charged
particle multiplicity, so that the measurements made in p-Pb collisions can be prop-
erly compared to other collision systems. Previous studies in p-Pb have measured
the corrected charge particle multiplicities for the central barrel region at |/syn =
5.02 TeV[99]. These published values are combined to provide the average multiplic-
ities across the exact multiplicity bins used in this thesis (see table 4.2). The mean
multiplicity has an &~ 4% error due to tracking efficiency systematics.

Multiplicity | (Na) for |n] < 0.8, pr > 0.2GeV /¢

0-20% 49.1 £+ 2.0
20-50% 293 £ 1.2
50-80% 153 = 0.6

Table 4.2: Average number of charged particles in the range |n| < 0.8, pr > 0.2 GeV/c
for the three different multiplicity percentiles used in this analysis.

In addition to the p-Pb dataset, simulated data was used for efficiency calculations
and cross checks. These datasets are comprised of events created by both PYTHIA
and DPMJET event generators[100], [101].

4.3 Track Selection

Specific quality cuts are applied to the particles within an event to ensure the tracks
that are chosen for the analysis are correctly reconstructed. These include cuts on

the number of TPC clusters that make up the track, the x? of the track fit per
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TPC track point, and how many clusters are shared with other reconstructed tracks.
Because the correlation measurement requires three different types of particles (trigger
hadrons, associated hadrons, and kaon candidates), different collections of track cuts
are needed. These track cuts will also cut out some of the particles of interest, and
therefore the final result must be corrected for the track cut efficiency (i.e. how
many particles of interest that were produced in our collision made it through our
track cuts). To estimate this efficiency, collisions are simulated with a Monte Carlo
event generator. These produced particles then travel through a full simulation of the
ALICE detector, built using GEANT3 [102]. The final efficiency estimated in this

way includes both the tracking cuts efficiency, as well as the detector efficiency itself:

(Total simulated particles detected that meet track cuts)

(acceptance) x efficiency) = (Total simulated particles produced)
(4.1)
where both the numerator and denominator are constrained to only particles in
the central rapidity region (|n| < 0.8). The exact reconstruction efficiency of the
detector can sometimes be dependent on the total multiplicity of the event. Because
of this, the efficiency is calculated using simulated events with similar multiplicity
to the three multiplicity ranges used in this analysis. Ultimately, the multiplicity
range considered for this p-Pb analysis had no effect on the estimated efficiency, and
therefore the final efficiencies are calculated from the full 0-100% multiplicity sample.
For tracking purposes, there are two types of particle tracks within the collision:
primary tracks, and secondary tracks. Primary particles are those whose tracks orig-
inated near the initial primary vertex. These include particles that are produced
directly from the initial collision, as well as resonance decay products since reso-

nances will decay very close to the initial collision point. Secondary particles, on the

other hand, are those that are the result of secondary weak decays. With weakly de-
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caying particles corresponding to significantly longer lifetimes, weak decays typically
occur within the central barrel of the detector, but far away from the primary vertex.
These can be differentiated from primary tracks by requiring specific geometric cuts
on the distance of closest approach (DCA) from the track to the primary vertex (see
fig. 4.1). To find the DCA, reconstructed tracks are propagated backwards from
their first track point in the detector back towards the primary vertex, accounting
for the curve of the particle’s trajectory due to the magnetic field and the particle’s
momentum. The further away that the track originated from the primary vertex, the

more likely that the measured DCA is large.

Child 1

Child 2
decay vertex
¥
&
&
Child 1 DCA 1\;
E «— Child 2 DCA
,4\]*-3.

¥

primary vertex

Figure 4.1: A diagram of the DCA of two secondary charged particle tracks. A
neutral particle (grey dashed line) is produced in the initial collision, and decays into
two charged child tracks (solid red lines) at the black dot. These secondary tracks are
charged, and therefore show up in the detector. These two tracks are then propagated
back towards the primary vertex (dashed red lines). The DCA is then the closest
these back propagated tracks come to the primary vertex.
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4.4 ¢(1020) Reconstruction

In order to reconstruct the ¢(1020) meson as discussed in section 3.3.1, the ¢ child
track candidates require two types of track cuts. First, they need a set of track
quality cuts to ensure they are well resolved tracks. Second, in addition to the
quality cuts, they require particle identification (PID) cuts needed to identify kaon
tracks specifically. While the invariant mass reconstruction will later remove any
pions or protons misidentified as kaons, having PID cuts ensures that the signal to
background ratio remains high in the ¢ mass peak region of interest.

Since the purpose of the analysis is to compare the production of ¢(1020) inside
and outside of jets, a momentum range of 1.5 < p? < 4.0GeV/c is chosen for the
associate ¢(1020) meson. Performing the measurement above 4.0 GeV/c runs into
statistical limits due to the lower number of ¢(1020) produced. Conversely, perform-
ing the measurement below a momentum of 1.5 GeV /c gives a sufficiently large sample
of ¢(1020), but does not allow for a clear separation of jet and underlying event, due
to the dominant non-jet production washing out the jet signal. This intermediate as-
sociate momentum range then gives a good mix of jet and non-jet production, while

still ensuring sufficient statistical significance.

4.4.1 Kaon Track Reconstruction & Identification

Kaon candidates are selected from the central pseudorapidity region of |n| < 0.8 with
a transverse momentum of at least pr > 0.5 GeV /c. To ensure high quality for the
kaon candidate tracks, a standard set of quality cuts is applied to select for well-
reconstructed primary particles, as also described in [103]. These include cuts on the
minimum number of TPC clusters that make up the track (NS5 > 80 out of 159), as

well as the x? per TPC cluster in the final track reconstruction (x?/N¢s&t < 4). They
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also include a momentum dependent cut on the distance of closest approach (DCA)
between the track and the primary vertex, using the requirement that DCAxy <
0.0105 + 0.0350/p%!. Since the ¢(1020) has a short lifetime (~ 46 fm/c), this strict
DCA cut ensures that the ¢(1020) decay child candidates come from the primary
interaction point of the event, cutting out particle tracks coming from secondary weak
decays. Table 4.3 shows the full set of track cut parameters, including the requirement

that the track parameters to be refit with the final reconstructed primary vertex.

Reconstruct with ITS Refit true
Minimum Number of TPC Clusters 80
Max x2? Per TPC Cluster 4

Accept Kink Children false

Max DCA To Vertex (Z) 2cm

Max DCA To Vertex (XY) (0.0105 + 0.0350/pk!)em

2D DCA To Vertex false
Max x? TPC Constrained Global 36
Max x? per ITS Cluster 36

Table 4.3: Track quality cut parameters for the kaon candidate (and associate hadron)
tracks.

To isolate only kaon tracks, this analysis takes advantage of the two main ALICE
subdetectors that have PID capabilities: the TPC and the TOF detector [104]. In
both cases, the expected detector signal of a particle with a specific mass and mo-
mentum is a known quantity, using the Bethe-Bloche formula for the TPC energy
loss dE/dx (eq. 2.1) and the TOF time (velocity) signal (eq. 2.3).

Due to the finite resolution of the track momenta and TPC energy loss (0qr/dx =
5%) and TOF timing signal, the distribution of dE/dx (TOF ) signals for real
kaons is treated as a Gaussian with a mean at the expected kaon value, and a width
of orpc (oror) that is fit experimentally. The distance of a particle’s signal from

the expected value can then be described in terms of the standard deviation of this
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momentum dependent Gaussian fit, orpc and orop. Explicitly, the TPC (TOF)

signal is transformed with the equation:

(signal) — (expected Kaon signal)

o _ 4.2
TPC(TOF) (std. deviation about Kaon expectation) (4.2)

where the expected Kaon signal and the standard deviation are both momentum
dependent. A visual representation of this transform can be seen in figures 4.2 and
4.3.

To select kaon candidates, PID cuts were applied to both norpc and noror of:

° |TLO'Tpc| <3
e |noror| < 3

This relatively wide PID cut ensures that the majority of kaons will pass our PID
cuts, while still cutting out a large amount of the background by excluding a large
number of pions and protons (see fig. 4.4). In the final invariant mass reconstruction,
this gives a signal to background ratio of ~ 3:1 in the ¢ mass peak region (see fig.
3.5). This large signal to background ensures that the combinatorial background
subtraction in the correlation measurement does not contribute a large statistical

error to the final results.

4.4.2 ¢(1020) Reconstruction Efficiency

For the full ¢ efficiency calculation, there are essentially three components: the track-
ing efficiency of the kaon children, the efficiency of the PID cuts, and the TOF hit
efficiency of the kaon children. This last component comes from both the fact that

the TOF detector does not have full acceptance in the detector (see section 5.2.2 for

95



ALICE performance
pp, Vs = 13 TeV

(arb. units)

dE/dx in TPC
<

1 10
p (GeV/c)

ALI-PERF-101240

TPC Kaon PID Selection

2 14
P, (GeVic)
Figure 4.2: An example of the raw TPC dE/dz signal for a sample of tracks (top),

and the dE/dx signal of tracks expressed in terms of the standard deviation of the
distribution around the expected kaon signal vs. transverse momentum (bottom).

96



10*

10?

p-Pb |5 =5.02TeV |-

10

e T 1
3.5 4 45 5

p (GeV/c)

TOF Kaon PID Selection

10*

10°

10?

12 14
P, (GeVic)

Figure 4.3: An example of the raw TOF f signal vs. momentum for a sample of tracks

(top), and the

[ signal of tracks expressed in terms of the standard deviation of the

distribution around the expected kaon signal vs. transverse momentum (bottom).

97



Combined Kaon PID cuts for 0.5 < p, < 4.0 GeVic

=3 -2 -1 0 1 2 3

Iqo‘TOF

Figure 4.4: The 2D PID cuts on the kaon in norpc and noror for the momentum
range 0.5 < pr < 4.0 GeV/c. The center peak is made up of kaons, while the peak
at high norpc and low noror (top left corner) is coming from pion contamination
within these cuts.
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Figure 4.5: The ALICE TOF matching efficiency between TPC tracks and corre-
sponding TOF signals in p-Pb collisions. Image from [105]

more information on TOF acceptance), and because not every reconstructed track is

correctly paired with a corresponding TOF signal (see fig. 4.5) [105].
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Reconstructed ¢(1020) are chosen from the momentum range 1.5 < pr < 4.0 GeV /c
for the correlation. The combined efficiencies give a final ¢ reconstruction efficiency
that varies from roughly 10% to 25% across the momentum range for this analysis (see
fig. 4.6). The momentum dependence of the ¢(1020) efficiency is driven primarily by
the two-track TOF hit requirement, as well as the simultaneous track quality cuts for
both kaon tracks. The ¢ efficiency is found to be independent of event multiplicity,
and therefore the final efficiency is calculated from the full 0-100% multiplicity event

sample.
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Figure 4.6: The efficiency for the reconstructed ¢ meson vs. pr for four multiplicity
bins (left), and the ratio between three different multiplicity bins and the full 0-
100% multiplicity efficiency (right). From the ratio, within statistical fluctuations
the efficiency is not dependent on multiplicity.

4.4.3 Trigger Hadron Tracking & Efficiency

The trigger particles are selected in a high momentum range in order to act as a
proxy for a jet axis, specifically in the range 4.0 < pr < 8.0GeV /c. Because of this

higher momentum requirement, the track quality cuts are slightly loosened in order to
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capture a higher percentage of trigger candidates, and thus increase the statistics of
the final correlation measurement. Specifically these trigger cuts, also used in [106],
slightly relax the pr dependent DCA requirement with a simple 2.4 cm (3.2 cm) cut in
the transverse (longitudinal) distance to the primary vertex. However, the track does
still need to be of sufficient quality to ensure an accurate momentum measurement,
and to help ensure it is a real track and not a mis-reconstruction due to partial or
merged tracks. This includes requiring that the track doesn’t originate at a “kink”
that would suggest a decay, and has a sufficiently low x? per TPC cluster. These

slightly looser track quality cuts are detailed in table 4.4.

Minimum Number of TPC Clusters 50
Max x? Per TPC Cluster 4
Accept Kink Children false
Max DCA To Vertex (Z) 3.2cm
Max DCA To Vertex (XY) 24cm
2D DCA To Vertex true
Max x? TPC Constrained Global 36
Max Fraction of Shared TPC Clusters | 40%

Table 4.4: Track cut parameters for the trigger track.

With these relatively loose track requirements, we can again use Monte Carlo
simulations to calculate the efficiency. These simulations give us an efficiency of ~
84% in the momentum range of the trigger particle, 4.0 < pr < 8.0 GeV/c (see fig.
4.7).

4.4.4 Associate Hadron Tracking & Efficiency

For the purpose of this analysis, the associate tracks of the dihadron correlation use
the same quality cuts as the kaon candidate tracks (see table 4.3). This ensures that

the associated hadron is also a primary particle, so that the comparison between
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Figure 4.7: The efficiency for the trigger hadron vs. pr for different multiplicity
classes. Since the efficiency does not depend on the multiplicity, the final efficiency
is calculated from the full 0-100% multiplicity sample.

¢ and hadron production behavior is not influenced by any changes to secondary
particle production.

Again, the reconstruction efficiency for these associate track cuts is computed
using simulated Monte Carlo events. This gives a slightly lower efficiency compared
to the trigger tracks (see fig. 4.8), with an efficiency of ~ 80% for the momentum
region of interest, 1.5 < pr < 4.0 GeV /c. It should be noted that even with the more
stringent DCA requirements, a fraction of secondary decay particles do make it into
our sample. This secondary contamination is estimated to be ~ 1% of the primary
particles from simulations, and is included in the dihadron systematics. For the ¢,
this secondary contamination in the child candidates is removed via the invariant

mass reconstruction process, and therefore does not impact the final results.
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multiplicity efficiency (right).
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Chapter Five: Systematic Errors & Cross-checks

Before the main results are discussed, it is important to look at the potential sources
of systematic bias in both the central correlation measurement and the pair-wise yield
measurement. To this end, a collection of systematic uncertainty sources is presented
in this Chapter. Like-wise, in order to ensure that the final physics message is not
influenced by potential biases in the measurement procedure, a collection of different

cross-checks exploring biases in the measurement procedure are presented.

5.1 Monte Carlo Closure Tests

One of the more general tests for an experimental measurement process is a Monte
Carlo closure test [107]. This test uses simulated data to ensure that the measurement
is correctly capturing the “real” signal. The basic principle of a closure test in the

context of this analysis is:

1. Produce a collection of simulated events where the particles travel through a
full simulation of the ALICE detector, and the detector signals are processed

through the same track reconstruction process as experimental data.

2. Perform the full, efficiency corrected measurement procedure on these simulated

reconstructed tracks.

3. Access the true particles produced in the simulation, and take their species and

exact momentum without considering the detector reconstruction.
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4. Perform the correlation measurement in the simulation with the true ¢ and the

true trigger hadrons.

5. Take the ratio of the “reconstructed” measurement and the “true” measure-

ment.

This ratio directly tests both the measurement procedure and the efficiency cor-
rections. If the ratio is equal to 1, then the procedure of reconstruction and efficiency
correction fully reproduces the original distribution. On the other hand, deviations
from 1 would reflect that the measurement procedure introduces a non-physical bias
compared to the “real” correlation.

Since the measurement procedure includes both reconstructing the ¢ (1020) and
obtaining the (h— ¢) correlation, the closure test ratio was performed in two different
stages. First, the results using the “true” ¢ meson (¢yc) were compared with the
measurement using “true” kaon particles (K Kj;¢) for the ¢ reconstruction procedure.
This tests the invariant mass reconstruction method directly, without contributions
from the track reconstruction or particle identification. For this closure test, trigger
hadrons are selected from the real generated primary hadrons for both the (h — ¢yc)
and (h — KKyc) cases. Kaon candidates are selected from the generated primary
kaons such that the pair has a central pseudorapidity of |nx | < 0.8. The correlation
using these kaon pairs then goes through the full reconstruction procedure as de-
tailed in section 3.3.1 (i.e. mixed event correction, like-sign background subtraction
using sideband scaling, branching ratio and mass peak correction factors applied).
Comparing the true (h — ¢pc) correlation with the (h — K Ky¢) showed that the
reconstruction method correctly recovered the underlying correlation, and was found

to be closed (see fig. 5.1).
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Figure 5.1: Monte Carlo closure test performed for the (h—¢) reconstruction method
using unlike sign kaon pairs. The correlations within a collection of MC generated
events are compared using the real (h — ¢nc) and the reconstructed (h — K Kyc)
measurement (left). The ratio of the reconstructed to the real correlation is found to
be close to one (right), meaning the reconstruction technique is found to be closed.

Next, the “true” results were compared with the measurement using the full sim-
ulated track reconstruction, denoted (h — K Kipaek). This both tests the efficacy of
the efficiency correction and looks for biases in the kaon selection procedure on the
final results. Similar to how the efficiencies were calculated in section 4.4.2, this
test sends MC generated particles through a simulated ALICE detector and uses the
same track reconstruction techniques that are used in data. These simulated tracks
are subject to the same quality and PID cuts that the kaon candidates in data are,
and then have the full efficiency and acceptance correction factors applied to them.
These identified kaon candidates then go through the same reconstruction method
as in data (and the previous closure test). The final results show that the efficiency
corrected reconstructed per-trigger (h — K Kipae) correlations reproduce the original
(h — ¢mc) correlation well (see fig. 5.2). The closure of these two MC tests give good

confidence that the acceptance*efficiency calculation and the overall measurement
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procedure are correctly reconstructing the per-trigger (h — ¢) correlation.
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Figure 5.2: Monte Carlo closure test performed for the full efficiency corrected (h —
¢) reconstruction technique. The correlations within a collection of MC generated
events are compared using the real (h — ¢yc) and the reconstructed (h — K Kipack)
measurement (left). The ratio of the efficiency corrected reconstructed to the real
correlation is found to be close to one within the statistical errors(right), meaning
the test of the full measurement procedure is found to be closed.

However, even with a full Monte Carlo closure test passed, the large errors on the
closure ratio means that a thorough check of systematic uncertainty is still required.
This includes both systematic biases in the measurement procedure, as well as errors
introduced by the simulation in accounting for detector acceptance and efficiency

effects.

5.2 Measurement Bias Cross-checks

Since the main physics message of this dissertation lies in the change of strangeness
production in collisions as a function of multiplicity, it is necessary to examine the
measurement procedure for any selection biases that would effect either the per-trigger

yields, or the final (h — ¢)/(h — h) ratios. Three avenues of bias were identified:
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1. Biases due to using the per-trigger pair-wise (h — ¢)/(h — h) yield ratios to

approximate the underlying ¢/h ratio.

2. Biases due to differences in the measurement procedure of the (h—¢) correlation

compared to the (h — h) correlation.

3. Biases due to the shape of the non-jet/underlying event portion of the correla-

tion changing with multiplicity.

For each of these cases, cross-checks were designed specifically to assess the effect
of these biases. These included: testing the effect that fluctuations in the number of
triggers in an event would have on the ¢/h approximation; cross-checking the effect
of requiring a TOF hit for the ¢(1020) children but not for the dihadron associate
particle; and using different background shape assumptions to test the sensitivity of

the near and away-side jet yields and yield ratios.

5.2.1 Bias in Events with Multiple Triggers

The main physics message of the correlation ratio technique described in this analysis
relies on the ability to treat the per-trigger (h — ¢) pair yields as an approximation

of the number of ¢ produced per trigger particle. This relation can be expressed as:

1 Nevts 1 Net\rztcgs
. Z (Nusig X Nyi) = . ; Ny (5.1)

where the left sum is taken over the total number of events, the right sum is taken
over only events that have a high momentum trigger particle (N, being the total
number of trigger particles), and Ny.; and Ny, are the number of trigger particles
and associated ¢ in event i, respectively. The left side of the equation is the total

number of per-trigger pairs in the events, and the right side is the total number of

107



¢’s produced per trigger. If each event contains at most one trigger particle then this
relationship will hold exactly. For the trigger criteria in the jet-like (h—¢) correlation,
of the events that contain at least one trigger particle, ~ 90% contain exactly one
trigger particle. Since this means the average number of triggers per triggered event
is close to one, this relationship should approximately hold. However, fluctuations in
the number of trigger particles per event can still cause the left side of the equation
to be larger than the right, due to the pair-wise nature of the sum.

An additional cross-check was performed to ensure that the trends observed in the
per-trigger (h—¢)/(h—h) measurement are not influenced by this approximation, and
to ensure that the difference between the exact and approximate relationship is small.
A cross-check correlation was performed using only the single highest momentum
trigger particle in an event (within the trigger range 4.0 < pr < 8.0 GeV/c) for the
correlation. This highest-trigger requirement ensures that the relationship in equation
5.1 is exact, since Niig; = 1 for all events with a trigger. By then comparing the
highest-trigger results with the standard measurement procedure using all triggers,
the overall effect of pair-wise counting on the estimation of associate particle yields
can be examined.

A direct comparison between the all-trigger and highest-trigger correlation func-
tions can be seen in figure 5.3. This comparison shows the expected behavior, where
the small number of events with multiple triggers causes the standard all-trigger
correlations to be higher than for the highest-trigger case.

The all-trigger and highest-trigger cases can be quantitatively compared by taking
the ratio between the two correlations for each multiplicity bin (fig. 5.4). This ratio
shows that the correlation using all-triggers corresponds to a ~ 5% higher yield than

the underlying “true” ¢ yield (which is equal to the highest-trigger h — ¢ yield). This
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Figure 5.3: Comparison of the standard correlation taking all triggers (full points)
with the correlation performed with just the highest momentum trigger of each event
(open points) for the h — h (left) and h — ¢ (right) correlations.

effect is seen to be the same for both the (h — h) and (h — ¢) correlations, leading to
the final ¢/h ratio being accurately estimated by the (h — ¢)/(h — h) ratio, since this

5% effect cancels out.
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Figure 5.4: Ratio of the all-trigger correlation divided by the highest-trigger correla-
tion, presented from high multiplicity (left) to low multiplicity (right).

This cross-check does also introduce a new bias, however, in that it slightly hardens
the pr spectra for the trigger hadron (see figure 5.5), which can then cause a change

to the correlation shape as well. This effect on the correlation shape can be seen
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in the all-trigger/highest-trigger ratio. While this change in shape is partly due to
the selection bias in the highest-trigger correlation, and therefore should not affect
the standard all-trigger correlation, it can be used to estimate an upper limit on any
effect the “double pair counting” in the all-trigger correlation could have on the jet
yield calculation. This shape effect is calculated to give a maximum systematic bias
of a ~ 5% enhancement to the jet yields for the low multiplicity correlation, and has

a negligible effect at high multiplicity.
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Figure 5.5: Comparison of the normalized pr spectra of the triggers used in the
standard correlation measurement (dark blue), and the normalized spectra from just
taking the highest trigger particle in each event (light blue).
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5.2.2 Effects of TOF Detector Asymmetries

Since the main goal of this thesis is to compare the differences in production between
»(1020) mesons and inclusive hadrons, it is important to look for steps in the corre-
lation measurement process that would bias one of these measurements and not the
other. One such possible source of bias lies in the requirement of a TOF signal, and
therefore a hit in the TOF detector, for the kaon candidates. The associate hadrons
have no such TOF hit requirement, so this creates a possible difference between the
two measurements. Due to the physical space constraints within the ALICE central
barrel, the TOF detector has incomplete coverage over the central 7, ¢ range that is
used in the correlation measurement (see figure 5.6). Since only the ¢(1020) children
are required to have a hit in the TOF detector, it is important to establish that this
incomplete coverage does not significantly influence the correlation measurement.
To test this effect, when measuring the (h—¢) correlation the detector was broken
into two regions for selecting the ¢(1020): a region with the hole in the TOF detector
(—m < ¢ < 0), and a region with full TOF detector coverage (0 < ¢ < m). The
correlations using these two separate regions for the associate ¢(1020) are compared
with each other in figure 5.7. Within statistical fluctuations, these correlations are
identical, showing that the hole in the TOF detector does not have a meaningful
effect on the final (h — ¢) correlation shape. Therefore, the requirement of having a
TOF hit for the (h — ¢) reconstruction does not affect the comparison between the

(h — ¢) and (h — h) correlations.

5.2.3 Underlying Event Shape Assumptions

One of the main sources of systematic uncertainty on the final yields and yield ra-

tios lies in estimating the underlying event (UE) within the correlations. Since this
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Figure 5.6: The (p,n) position of reconstructed ¢(1020) mesons within a subset of
p-Pb events. The acceptance “hole” on the left is due to the incomplete TOF detector
coverage, causing kaon candidates to be missed in that region.

baseline determines the cut-off point for the jet yield integrals, this effects both the
underlying event and jet yield measurements. To estimate the effect the UE deter-
mination may have on the final yields, a variety of different background estimation
methods are tested: a flat fit to different subsets of the non-jet points (i.e. just points
around the near-side, just points around the away-side, etc.), a ZYAM-like [97] esti-
mate by setting the UE at the lowest Ay point, and a full fit for the entire correlation

structure, performed with the function:

flailAp) = ag+ar (e(AZ%) +e(A¢_532i2ﬂ> )+a4 (e(A:a ) +e(A¢_ZGﬂW) ) (5.2)

where the function contains a flat background plus Gaussian distributions for

both the near and away-side jet peaks. To aid in the fitting, the means of the near
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Figure 5.7: Comparison of the (h — ¢) correlation from two different regions in the
detector to test for effects from the TOF acceptance. The left plot shows the two
regions of the central barrel that ¢(1020) were taken from: the region with the TOF
hole (blue), and the region with full TOF coverage (red). The right plot shows a
comparison of the normalized Ay correlations using ¢(1020) from the two described
regions.

and away-side Gaussian peaks are fixed to 0 and 7, respectively. The Ay variable
is cyclical by nature, and so the near and away-side peaks are repeated at +27 to
account for this.

Many of these methods (especially simply varying the number of points to fit
for the UE) are susceptible to capturing mostly the statistical fluctuations of the
correlation. However, they do also include the effects that the jet peak tails have
on the UE estimation. Because of this, these variations give a good estimate of
the effect that the jet tails could contribute to the underlying event determination.
The total systematic effect of this on the per-trigger yields was then determined by
taking the standard deviation of these yields across the different background methods,
giving an error for the near-side yields ranging from ~2% in the high multiplicity

h-¢ correlation, to ~5% in the lowest multiplicity bin. The h-¢ away-side yields
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are slightly more dependent on the background estimation, and are found to have
a systematic error of ~ 7% for each multiplicity bin. The effect of the different
background estimations on the underlying event yields were negligible. For the h-h
correlations, all different background estimation methods give similar jet yields (< 1%
difference to the final yields), and the systematic effects from the h-h background

estimation are therefore ignored.

5.2.3.1 Estimated vy Contribution to Correlation

The other main source of systematic uncertainty with respect to the underlying event
is the assumption that the underlying, non-jet part of the correlation is flat in Agp.
Physically, this is equivalent to the assumption that the direction of a dijet axis is
uncorrelated with the overall shape of the non-jet particle distribution within an
event.

However, as discussed in section 1.5.3, previous studies of heavy-ion collisions
have shown that the collective flow components of the QGP (v, vy, etc.) influence
the spatial distribution of particles within an event. Within two-particle angular
correlations, these flow components can be described using an expansion in the two

particle relative angle:

d Npair
dAy

= ag + 2a1 cos Ap + 2a5 cos 2Ap + . .. (5.3)

where as before, v, = a,/ag. This means that even without an event-by-event
reconstruction of the reaction plane, the structure of general two particle angular
correlations in heavy-ion collisions contains the effect of collective flow [108]—-[110].
Specifically, this flow would manifest in the correlation as a non-jet background that

is not flat with respect to Ay, challenging the above UE estimation assumption.
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Recent ALICE studies of collective behavior in small systems have measured pos-
itive flow components in high multiplicity p-Pb collisions[111]. For the purpose of
two-particle correlation measurements, the only flow component that is large enough
to significantly influence the (h — ¢) and (h — h) correlation in the momentum ranges
considered here is the elliptic flow component, vy. For the dihadron correlation, the
measured values for inclusive charge particle vy can be used directly for the associate
momentum bins in high multiplicity p-Pb collisions (see the measured vy vs. pr in
figure 5.8). However, the vy values for momentum higher than 4 GeV /c have not been
measured in p-Pb collisions. Furthermore, the vy in lower multiplicity p-Pb collisions
is less well constrained. As an estimate, this cross-check will assume a v, for the
middle and low multiplicity bins as 15% and 50% lower than the high multiplicity
vy, respectively, and will assign a trigger vy value taken from the charged hadron
3.0 < pr < 4.0 GeV /c range (see table 5.1). It will also be assumed that factorization
of flow components is a valid decomposition, so that the two particle flow can be
calculated as vh™" = vl x v3%°c. This factorization assumption is shown to hold

well in low associate and trigger momentum ranges, and to approximately hold for

the trigger and associate momentum ranges considered in this analysis [112].

Multiplicity Pctl. ‘ trigger vy | assoc. hadron vy ‘ (h— h) vy = (V5"8) x (v8°°)
0-20% 0.11 0.13 0.014
20-50% 0.09 0.10 0.009
50-80% 0.06 0.07 0.004

Table 5.1: Estimated v, values used for systematic uncertainty related to the deter-
mination of the underlying event. Values taken from [111].

The vy of identified ¢(1020) mesons has not been explicitly measured before in p-
Pb collisions. Because of this, the flat background estimate was kept for the central

measurement, while assigning a ¢(1020) vy value that is the same as the inclusive
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Figure 5.8: Measured values of elliptic flow coefficient vy in 0-20% multiplicity p-Pb
collisions for different particle species, as a function of pr. Due to the cross-over of
different particle species in low momentum, the use of total charged particle vy for
the associate hadron and ¢ meson is a good approximation [111].

charged hadron vy for the background is treated as a systematic uncertainty. In order
to check that this assumption is valid to make for the (h — ¢) correlation at all, the
charged hadron vy is compared with a ¢(1020) v, that is estimated from the (h — ¢)
correlation directly.

One method of extracting low components from two particle angular correlations
is to subtract off the low multiplicity correlation from the high multiplicity correlation
(see figure 5.9). Since the low multiplicity correlation should have a much smaller
flow contribution, this subtraction is a way to remove the jet contribution from the
high multiplicity correlation. This remaining jet-subtracted correlation can then be
fit with the flow coefficients for an estimate of the underlying vy. This method allows
for the extraction of vy for high and mid multiplicity regions, within the assumption
that the lowest multiplicity bin used for subtraction has minimal collective flow.

As a cross-check, this low multiplicity subtraction technique was also applied

directly to the correlations measured for this analysis. In order to increase statistics,
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Figure 5.9: An example of finding the flow coefficients by subtracting the low mul-
tiplicity correlation from the high multiplicity correlation. The 2D subtracted corre-
lation is shown for the (h — 7) case (top). This subtracted correlation is projected
onto Ay from the large An region (0.8 < |An| < 1.6 for the near-side, |An| < 1.6 for
the away-side) for fitting the flow coefficients (bottom) [111].
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the trigger momentum range was slightly widened to 3.0 < ptTrig < 8.0GeV/c. Since
the smallest multiplicity bin for this thesis is the 50 — 80% bin where a small amount,
of collective flow is still expected, the subtraction is expected to remove some flow
component as well as the jet. With this approximation, the subtracted correlation is
then fit to find the elliptic vy contribution (see fig. 5.10). The fit value of the (h — ¢)
vy with this method is = 0.017. Though the statistical errors are quite large, this fit

value is in line with the assumption of 0.014 made with the published charged hadron

V3.
-3
s 17310
5 L 3.0 < prtig < 8.0 GeV/c
S 16 1.5 < pressoc < 2.5 GeV/c
< -
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Figure 5.10: An estimate of the flow contribution of the (h — ¢) correlation by sub-
tracting the low multiplicity correlation from the high multiplicity correlation.

An additional cross-check to justify the assumption of using the charged hadron
vy for the (h— @) correlation was to look at the Ay correlation in the range where An
is far from 0. In this large An region, the near-side jet should be mostly removed from

the correlation, while the away-side jet and the flow contribution will still remain.
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By then fitting the area under the near-side with a dipole term, the vy value can be
extracted from these long range correlations.

For this vy estimation, long range correlations were measured by performing the
standard 2D correlation procedure, then only projecting the range 0.8 < |An| < 1.2
onto Ay for the final 1D angular correlation. The estimated flow contribution using
the charged hadron v, values can be compared directly with the correlation shape on
the near-side of this measurement (see fig. 5.11). Within errors, using the charged
hadron v, was able to correctly describe the long-range near-side correlations, pointing
to this vy value being a reasonable assumption for both the (h — h) and (h — ¢)

underlying event.
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Figure 5.11: Comparison of the published charged hadron vy with the angular cor-
relation in both the full An range and the outer An range 0.8 < |An| < 1.2 for the
dihadron (left) and (h — ¢) correlation (right). The charged hadron vs values match
the near-side region of the wide An correlation in both cases.

For the lower 1.5 < pi¥°° < 2.5GeV/c momentum h — ¢ (h — h) yields, the
charged hadron vy assumption lowers the jet yields by between 4% (1%) for the

lowest multiplicity and 25% (16%) for the highest multiplicity. Likewise, the higher
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2.5 < p§*°¢ < 4.0 GeV/c momentum h— ¢ (h— h) yields are lowered by between 1.4%
(0.6%) for the lowest multiplicity and 16% (9%) for the highest multiplicity. Due to
the non-zero vy effecting the near and away-side yields in similar amounts, this does
not effect any differences in the relative behaviour between the near and away-side
jet yields. Because the (h — ¢) and (h — h) jet yields are both lowered by the vy
assumption, the effect on the final ratio is smaller than on the individual yields. The
vy assumption has a ~ 10% effect on the highest multiplicity jet yield ratios for the
low momentum measurement, and an ~ 8% effect on the highest multiplicity jet yield

ratios for the high momentum measurement.

5.3 Systematic Uncertainty Sources

The primary systematic uncertainties for the correlation measurements are divided
into two main categories: those associated with tracking efficiency and reconstruc-
tion, and those associated with the ¢(1020) reconstruction procedure used to measure
the (h — ¢) correlation. The tracking and reconstruction systematic uncertainties in-
clude the global tracking efficiency, the material budget of the detector, and the track
selection cuts on the associated hadron and the ¢(1020) decay children. These track-
ing errors are approximately 3.6% for the hadrons, and 5.2% for the reconstructed
»(1020) (due to the error on both of the two child tracks) [103], [113].

For the h — ¢ correlation, additional systematic errors are estimated by varying
different steps of the ¢ reconstruction process, including: the invariant mass regions
used for the ¢(1020) mass peak, the left and right sideband mass regions used for
combinatorial background removal, the like-sign background scaling factor, and PID
cuts on the kaon daughters. To estimate the systematic effects on the measurement,

the ratio of the correlation using a varied cut to the correlation with the standard
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cut is calculated. Then the ratio for each Ap point is used to calculate the RMS of
the variation across the entire correlation. The specific variations of these cuts are
explained in the following sections, while the final contributions of these systematic
errors are summarized in table 5.2 and shown in figure 5.12.

All systematic effects on the correlation measurement that were considered are
found to be Ay independent, and are therefore applied evenly to the full Ay corre-
lation. These errors also do not vary within the pt ranges considered, and therefore
are applied to both pr bins equally. The dominant systematic errors for the corre-
lation measurement are found to lie in the estimation of the tracking efficiency for
the detector. For the per-trigger yield measurements, the main source of systematic
uncertainty is in the flat UE background estimation, as discussed in the previous

section.

h-¢ Error per Ay bin
Multiplicity 0-20% | 20-50% | 50-80%
Mass Peak Range 0.8% | 1.3% 2. 7%
LSB Mass Range 1.1% | 0.9% 2.6%
RSB Mass Range 0.2% 0.3% 1.2%
krs Scale Factor 0.9% | 0.6% 3.0%
ksigna1 Scale Factor 0.8% 0.8% 0.8%

PID cut 1.0% 1.0% 1.0%
Tracking Eff. 52% | 5.2% 5.2%
Total Syst. 5.6% | 5.6% 7.3%

Avg. Statistical Error | 2.2% | 3.2% 7.3%

Table 5.2: The systematic errors on the h-¢ angular correlation, expressed as percent
of bin value. Also shown here are the average statistical error per Ay bin as a
comparison.
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Figure 5.12: Visual depiction of the different sources of systematic uncertainty on
the (h — ¢) correlation for the three different multiplicity bins. Uncertainty is plotted
as the average relative uncertainty (error/value) per Ay bin of the correlation. The
total systematic error is depicted as a solid black line, and the total statistical error
per Ay bin is shown for comparison (dashed line)

5.3.1 Particle Identification

Since the PID cuts to select kaon candidates are wide in order to capture a large
percentage of the total produced kaons, there are a percentage of misidentified pions
and protons that remain in the kaon candidate sample. The invariant mass recon-
struction and background removal techniques should remove this non-kaon portion of
the invariant mass distribution. However, this can be tested directly by varying the
PID cuts (and the corresponding efficiency due to the MC efficiency calculations).

The width of the TPC PID cut was varied by increments of 0.2 in units of norpc
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from the standard cut of |[norpc| < 3 to the tighter cut of |[norpc| < 2. With these
cuts, the final (h — ¢) correlation is seen to only vary by ~ 1% (see figure 5.13). Like-
wise, the TOF PID cuts are varied, though only through a three cuts (|noror| < 3,
|noror| < 2.75, and |noror| < 2.5). Again, the final correlation is found to vary by
~ 1%.
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Figure 5.13: Effect of varying the PID cuts for the TPC detector from the standard
cut of |norpc| < 3 (left), along with the ratio of the correlation function using these
variations to the standard cut (right).

5.3.2 Variation in myg Invariant Mass Regions

The mass peak range can be varied by widening and narrowing the ¢(1020) signal
region that is considered. Since this directly changes the signal/background ratio
of the uncorrected (h — K K) correlation, this variation tests whether or not the
signal /background of the considered region has an appreciable effect on the final
correlation shape. The fraction of total signal that is excluded because of the mass
peak window is still taken into account and corrected with this variation (i.e. the

correlation still must be corrected by the factor Agigna from Eq. 3.6, which changes
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with the mass window used). An invariant mass plot with the ¢ mass peak region

(green) and the two sideband regions (gray) is included for reference in figure 5.14.
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Figure 5.14: Invariant mass distribution of unlike-sign kaon pairs (black), with colored
regions to show the ¢ mass peak region (green area) and the left and right sideband
regions (grey area) that are used in the correlation analysis.

To test the mass peak selection, the invariant mass window used for the ¢(1020)
mass peak is varied in steps of 2MeV /c? between a widest cut 1.010 < mgr <
1.030 GeV/c? and a narrowest cut 1.015 < mgx < 1.025GeV/c?, which captures a
range of 90% to 76% of the total ¢ signal. Within the range of variation considered,
there is no significant effect on the shape of the correlation function due to the
changing Signal/Background ratio (see figure 5.15). To estimate the size of this
effect, the ratio of the correlation with varied cuts is taken to the correlation with
the standard mass peak cut. The ratios for each Ay bin are then combined to find
an RMS deviation of 1.4% for the mass peak cut variations.

Other cuts on the invariant mass distribution that are used in the measurement
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Figure 5.15: Effect of varying the ¢ mass peak region on the final (h — ¢) correlation
(left), and the ratio of each variation to the standard region of 1.014 < mgx <
1.026 GeV /c? (right).
procedure are in the sidebands, away from the ¢(1020) mass peak. These sideband
regions are used for both estimating the shape of the (h— K K) background correlation
underneath the mass peak, as well as for the calculation of the like-sign scaling factor.
In order to make sure the choice of sideband region does not significantly change
the final correlation structure, both the left and right sideband regions were varied
from their standard ranges. The upper and lower limits of the two sideband regions
were varied from their standard cuts of 0.995 < mgx < 1.005GeV/c? for the left
and 1.040 < mgx < 1.060 GeV/c? for the right by increments of 5 MeV /c?. In both
cases, variation of the sideband region showed no significant changes to the correlation
distribution, with a measured RMS of the deviation of ~ 1% (see figures 5.16 and
5.17). By taking the integral of the Voigtian fit of the mass peak, the unlike-sign
kaon pairs within both sideband regions are calculated to contain much less than 1%
of kaon pairs from ¢ decays, for all cut variations.

The final way that the invariant mass sideband region is used in the correlation

procedure is to calculate the scaling factor kps in equation 3.6 needed to scale the
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like-sign distribution to correctly estimate the combinatorial background under the

¢(1020) mass peak. As this scale factor directly determines the baseline for the signal

peak, variation in this value directly effects the final scale of the (h — ¢) correlation

function. This scale factor can be calculated in three different ways: by scaling the

like-sign distribution to the integral of the unlike-sign in the left sideband region,
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in the right sideband region, and to the integral of the unlike-sign in the sum of
both sideband regions. The different choices of scaling region vary the final (h — ¢)
correlation by an RMS deviation of ~ 2% (see figure 5.18).
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Figure 5.18: Effect of varying the normalization region used for estimating the com-
binatorial (h — K K) background underneath the ¢ signal in the mass peak region
(left), and the ratio to the standard method of averaging the scaling factor from the
RSB and LSB together (right).

5.3.3 Investigation of Sideband Correlation Structure

The shape of the combinatorial background correlation is estimated by using the (h—
K K) correlations in the invariant mass sideband region. For the procedure outlined
in section 3.3.1, the (h — K'K) correlation in the two sidebands is averaged together
to estimate this background shape. However, since the right and left sidebands could
select kaon pairs in slightly different kinematic regions, it is important to look at
these sideband correlations individually as well. In order to visualize the differences
of the correlation structure of the left and right sideband, the bin-by-bin difference
between each 2D sideband correlation and the average of the two was plotted in

units of bin statistical error (fig.5.19). The two methods using the different US
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sidebands show only small difference to the average method used. This can be further
checked by projecting the sideband correlations onto the Ay axis and normalizing
them both to a total integral of 1 (see fig. 5.20). Again, this shows that within
statistical fluctuations, the two sidebands have identical correlation structure. This
gives confidence to the choice of averaging the two sidebands together in the standard

measurement procedure.

((Right US SB) - (Avg US SE))i(emor) ((Left US SB) - (Avg US SB))/(error)

Figure 5.19: The bin-by-bin difference in between the 2D correlation shape in the
left and right sidebands compared to the average of the two used in the standard
procedure. These differences are plotted in units of the statistical uncertainty per

(A, An) bin.

128



s
< C i
Qo T 40< ph  <8.0 GeVic ALICE Preliminary
°© 0.28H— T, trig
2 - p-Pb \s, = 5.02 TeV
= - 20<p® < 4.0 GeV/c
T 0.26F T.assoc 0-20% Multiplicity Class (VOA)
= 0.24F
= - —— Left Sideband Region
0.221—
0.2; —!— Right Sideband Region
0.181
0.16 -
0.14F
0.121
:\\l\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\\
S 0 1 2 3 4
Ao
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kaon pairs.
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Chapter Six: Results & Discussion

6.1 Jet-like h — ¢ Angular Correlations

For ease of reference, the full reconstructed (h — ¢) correlation function, as derived

in section 3.3.1, is repeated here:

trig

Ch*¢(A907 AU) = kSignal (Ch(KK) Peak(AgD, A?])

krs 1 h—(KK) LSB 1 h—(KK) RSB
- 2 |iNLSB C(trig( ) <A907 AT?) + NRSB C(trig( ) (A907 An) )
Ent Ent

where each of the individual Ciis(Ap, An) functions are performed for a different

Mk invariant mass region, and are given by the equation

1 1 ME(0,0) * S(Ap, An)
- (Aw. An) =
Cirig(Ap, A1) N Etrig * Cassoe  ME(Ap, An)

where the S(Ag, An) function is the same-event correlation, and the M E(Ayp, An)
is the mixed-event correlation. The trigger particle, as a proxy for a jet axis, is
always required to be within the high momentum range 4.0 < pffrig < 8.0GeV/c. The
associated ¢ (or hadron) is split between a lower momentum range of 1.5 < p§¥°° <
2.5 GeV/c, and a higher momentum range of 2.5 < p§°° < 4.0 GeV /c.

From these two equations, it is clear that in order to calculate the reconstructed
(h — ¢) correlation within p-Pb collisions, six different measurements are required:
same and mixed-event 2D correlations in the ¢(1020) mass peak region, same and
mixed-event correlations in the right sideband (RSB) mass region, and same and
mixed-event correlations in the left sideband region (LSB).

To study the ¢(1020) production as a function of system size, these six (h — K K)

measurements are carried out separately within three different charged particle mul-
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tiplicity ranges, split based on multiplicity percentile: the 0-20% highest multiplicity
events, the 20-50% highest multiplicity events, and the 50-80% highest multiplicity
events. As previously mentioned, multiplicity percentile bins can also be converted to
mean charged particle multiplicity (V) in the range |n| < 0.8 and pr > 0.2 GeV /c.

The values for the conversion to (N.;) are presented again in table 6.1.

Multiplicity Pctl. | (New)jni<o.s
0-20% 49.1 £+ 2
20-50% 203+ 1.2
50-80% 15.3 £ 0.6

Table 6.1: Conversion between p-Pb multiplicity percentiles and the mean charged
particle multiplicity, calculated for the range |n| < 0.8 and pr > 0.2 GeV/c [99].

In order for the mixed-event correlation to accurately correct for the two particle
acceptance of the detector, the pool of events for mixing must be grouped by similar
event properties, specifically by the event multiplicity and by the primary vertex
position in the longitudinal direction, Vtx,. This is because if an event occurs at
a large value of Vtx,, the detector acceptance will be asymmetric in 7, since the
collision will have occurred closer to one end of the central barrel than the other.
For this reason, both the same-event and mixed-event correlations are taken in 10
different bins within the range of |Vtx,| < 10cm (see table 6.2), for each of the three
multiplicity bins. An example of these distributions can be seen in figure 6.1, while
a closer look at the distributions for a single Vtx, bin can be seen in figure 6.2.

The same-event correlation for each Vtx, and multiplicity bin is then divided
by the corresponding mixed-event distribution. After the mixed-event correction

is performed, the corrected same-event correlations for each Vtx, bin are com-

bined together to give the full Cﬁ;g(KK) Pk (A, An), Cﬁ;g(KK) BB (Ap, An), and

h—(KK) RSB

rig (Ap, An) distributions. An example of these mixed-event corrected Clyig
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Bin | Vtx, min (cm) | Vtx, max (cm)
0 -10 -8
1 -8 -6
2 -6 -4
3 -4 -2
4 -2 0
5 0 2
6 2 4
7 4 6
8 6 8
9 8 10

Table 6.2: The different bins in Vtx, used for the mixed-event correction.

Hadron-g &9 conelaions projecion anag. Hadron- 89 conelaons projecton Anag.

Hadron-g &9 conelaions projecion anag

Hadron- 8¢ conlatons pojecton Ana¢

Hadon-¢ &9 conelaions projecton Ana Hadron- 9 conelatons projection 4na¢.

LB ¥sEEE

Figure 6.1: An example of 2D (h — K K) correlations in the ¢ mass peak region,
in the highest 0-20% multiplicity for different Vtx, bins. This is using a trigger
momentum of 4.0 < pfrrig < 8.0GeV/c and the higher associate momentum range
2.5 < p§*°° < 4.0GeV/c. The top two rows are the same-event distributions, while
the bottom two are the mixed-event distributions. These are plotted from lowest

Vtx, bin=0 in the top left, increasing in Vtx, bin from left to right, top to bottom.

distributions is shown in figure 6.3. The full collection of mixed-event corrected

(h — KK) distributions is presented in appendix A.
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Figure 6.2: Same-event (top) and mixed-event (bottom) 2D h — K K correlations for
Vitx, bin 6 in the highest 0-20% multiplicity range. This is using a trigger momentum
of 4.0 < ptlflg < 8.0GeV/c and the higher associate momentum range 2.5 < p§°° <
4.0 GeV /c. From left to right, the correlations are being performed in the my g left

sideband, ¢(1020) mass peak, and right sideband regions

Corrected (h-KK) in LSB Corrected (h-KK) in ¢(1020) Mass Peak Corrected (h-KK) in RSB

Figure 6.3: An example of mixed-event corrected (h— K K) correlations for the 0-20%
multiplicity, with a trigger momentum of 4.0 < p4'® < 8.0GeV/c and in the higher
associate momentum range 2.5 < p§*°° < 4.0 GeV /c. Depicted are the correlations
in the LSB (left), the ¢(1020) mass peak (center), and the RSB (right) regions.

The correlations are split into two momentum ranges for the associate particle
in order to further differentiate the ¢(1020) production. With these two ranges, the
(h — ¢) correlation can be compared between a region with more hard-scattering
production (higher momentum), and a region with more soft interactions (lower mo-

mentum), in addition to the separation that the differential jet-peak and underlying-
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event yields give. Dihadron correlations are also measured for the same multiplicity
and associate momentum ranges, using the same per-trigger correlation equation,
Chig(Agp, An). The final 2D (h — ¢) and (h — h) correlations for the two associate
momentum ranges (across all three multiplicity classes) are shown in figures 6.4 and

6.5.

50-80% Per-Trigger (h-g), lower p_ 20-50% Per-Trigger (h-¢), lower p_ 0-20% Per-Trigger (h-¢), lower p_

2
o 1

50-80% Per-Trigger (h-h), lower P, 20-50% Per-Trigger (h-h), lower P, 0-20% Per-Trigger (h-h), lower P

T e

Figure 6.4: Final 2D angular correlations for the (h — ¢) (top row) and (h — h)
(bottom row) for a trigger momentum of 4.0 < p'i¥ < 8.0GeV/c and the lower
associate momentum range (1.5 < pi¥°° < 2.5 GeV/c). Correlations are shown for all
three multiplicity bins, from lowest multiplicity (left) to highest multiplicity (right).

6.1.1 Per-trigger (h— ¢) and (h — h) Ay Correlations

After the full reconstruction procedure, the 2D correlations are then projected onto
just the azimuthal Ay axis, giving the final one-dimensional per-trigger correlation
results (see figures 6.6 through 6.9). These correlations are plotted such that the

estimated underlying event is aligned across all multiplicities, and the scale of the
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50-80% Per-Trigger (h-¢), higher P, 20-50% Per-Trigger (h-@), higher P, 0-20% Per-Trigger (h-), higher P

50-80% Per-Trigger (h-h), higher P, 20-50% Per-Trigger (h-h), higher P, 0-20% Per-Trigger (h-h), higher P,

Figure 6.5: Final 2D angular correlations for the (h — ¢) (top row) and (h — h)
(bottom row) for a trigger momentum of 4.0 < p&'® < 8.0GeV/c and the higher
associate momentum range (2.5 < p3¥°° < 4.0 GeV/c). Correlations are shown for all
three multiplicity bins, from lowest multiplicity (left) to highest multiplicity (right).

vertical axis is held constant for easy comparison. The systematic effect from varying
the flat underlying event estimation is depicted as a grey band. The central flat UE
value is depicted as a dashed line, while the charged hadron vy background assump-
tion is depicted with a dotted line. For the dihadron correlations, the systematic
uncertainty from variations in the flat underlying event estimation was small, and

therefore excluded.
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Figure 6.6: Per-trigger h-¢ angular correlations for the lower associate ¢(1020) pr
range, 1.5 < p?f < 2.5GeV/c. The three multiplicity bins are plotted from low (left)
to high (right) on the same scale axis, with offsets set to their respective underlying
background estimation. The grey band shows the systematic range for the different
flat background estimation methods.
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Figure 6.7: Per-trigger h-¢ angular correlations for the higher associate ¢(1020) pr
range, 2.5 < pf} < 4.0GeV/c. The three multiplicity bins are plotted from low (left)
to high (right) on the same scale axis, with offsets set to their respective underlying
background estimation.
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Figure 6.8: Per-trigger dihadron angular correlations for the lower associate pr bin,
1.5 < ph < 2.5GeV/c. The three multiplicity bins are plotted from low (left) to
high (right) on the same scale axis, with offsets set to their respective underlying
background estimation.
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Figure 6.9: Per-trigger dihadron angular correlations for the higher associate pr bin,
2.5 < ph < 4.0GeV/c. The three multiplicity bins are plotted from low (left) to
high (right) on the same scale axis, with offsets set to their respective underlying
background estimation.
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6.2 Per-Trigger Yields of h — ¢ and h — h pairs in
Jets and the Underlying Event

As the main purpose of this analysis is to study the different regimes of ¢(1020)
production, the primary purpose of the measured per-trigger correlation function is
to extract the approximate per-trigger ¢(1020) yields. As a reminder of how the
angular correlation space is divided into different regions, the cartoon representation
from section 3.3.2 is repeated here in figure 6.10. First, the underlying event (UE) is
established by averaging over the non-jet region (—7/2 < Ap < —7/4, 1/4 < Ap <
57/8, and 117/8 < Ap < 37/2 - corresponding to bins 1,2,7,8,9 and 16 on the Ay
histograms, which have 16 bins in total). Once the UE is calculated, the jet yields
are determined by integrating strictly above the UE between —7/2 < Ap < 7/2 for

the near-side, and 7/2 < A < 37/2 for the away-side.
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Figure 6.10: Example plot depicting the different regions of a dihadron angular corre-
lation: the near-side jet (red), the away-side jet (blue), the underlying event (green),
and the total pair yields (pink).

From the Ay correlations there appears to be a clear qualitative difference between

138



the structure of the (h — h) correlations, where the near-side jet is both taller and
more narrow than the away-side, and the (h — ¢) correlations, where the near and
away-side jets are closer to the same height, especially within the lower associate
momentum range. To quantify that difference, the per-trigger jet yields within the
near and away-side for both the (h — ¢) and (h — h) pairs are plotted as a function
of mean charged particle multiplicity in figures 6.11 and 6.12. Due to the per-trigger
scaling, these pairwise yields are good proxies for the actual ¢(1020) and inclusive
hadron per-trigger yields in the different event regions. The differences between
the jet yields found using the flat UE value and the charged hadron v, estimation
are depicted as shaded regions in the figures. While the effect of the v, on the yield
grows with multiplicity, the near and away-side yields are affected by similar amounts,
and therefore any comparisons between the behaviour of the near and away-side are
independent of the background vy assumption. Percent increases of the jet yields
from low to high multiplicity are presented in table 6.3 for both momentum ranges,
with the increase for the yields with the charged hadron vy assumption quoted in
parentheses.

Several features of these jet yields are of immediate interest. The dihadron near-
side yields are roughly a factor of 2 higher than the away-side yields for both mo-
mentum ranges, and are roughly independent of the event multiplicity. On the other
hand, the (h — ¢) near and away-side yields are much closer to each other. For the
higher momentum region, the (h — ¢) yields in the near and away-side are nearly
identical and, within statistical errors and the vy systematic, show no increase with
event multiplicity. For the lower momentum region, however, the (h — ¢) yields for
the near and away-side both increase significantly with multiplicity. Moreover, the

increase of the away-side yield with multiplicity is greater than the near-side yield.
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Figure 6.11: Per-trigger near-side (red) and away-side (blue) yields for the lower
momentum range for both the (h — ¢) (full points) and (h — h) (open points). The
(h — ¢) yields are scaled by a factor of 250 for ease of comparison. The shaded
band represents the difference between the flat UE estimation and using the charged
hadron vy assumption.
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Figure 6.12: Per-trigger near-side (red) and away-side (blue) yields for the higher
momentum range for both the (h — ¢) (full points) and (h — h) (open points). The
(h — ¢) yields are scaled by a factor of 250 for ease of comparison. The shaded
band represents the difference between the flat UE estimation and using the charged
hadron vy assumption.
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Lower associate momentum: 1.5 < pr < 2.5GeV/c

Region % Change from Low to High Mult. (Change with vy Effect)
(h — ¢) near-side 122.3% =+ 84.08% (75.1% =+ 73.13%)
(h — ¢) away-side 197.7% + 112.48% (138.9% + 96.50%)
(h — h) near-side 9.8% + 5.67% (-6.0% =+ 4.68%)
(h — h) away-side 24.8% + 6.68% (3.5% = 5.55%)

Higher associate momentum: 2.5 < py < 4.0 GeV /c

Region % Change from Low to High Mult. (Change with vy Effect)
(h — ¢) near-side 36.9% + 22.86% (17.5% + 20.85%)
(h — ¢) away-side 35.5% + 24.45% (15.7% + 22.56%)
(h — h) near-side 0.6% =+ 5.21% (-6.7% + 4.84%)
(h — h) away-side 9.5% + 5.92% (-1.6% =+ 5.32%)

Table 6.3: The percent change from low to high multiplicity for the near and away-
side (h — ¢) and (h — h) yields for the lower (top) and higher (bottom) momentum
ranges. The percent changes for the yields using the charged hadron v, for the UE
are presented in parentheses.

The observed increase in the ¢(1020) jet yields is initially a surprising result. In
high multiplicity heavy-ion collisions, interactions between a high pr parton and a
strong QGP medium act to strongly reduce the particle yields on the away-side, while
the near-side yield, due to the selection criteria of a high momentum trigger hadron,
remains relatively unchanged. However, as mentioned previously in section 1.5.4, jet
measurements from ALICE have shown that there are no significant jet-quenching
effects observed in p-Pb collisions. These studies suggest whatever interactions occur
between jets and the QGP medium in small systems do not lead to either a significant
jet energy loss or a decrease in particle production. However, this finding does not
rule out other interactions between a jet and a QGP medium that may change the
jet fragmentation or hadrochemistry, without significantly reducing its energy.

The increase of the yield on the away-side may hint at interactions occurring
between high pr partons and a partonic medium that change the jet fragmentation

in favor of the ¢(1020) meson in high multiplicity p-Pb events (i.e. radiated gluons
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splitting to produce strange quark/antiquark pairs). The change in the near-side
jet yield with multiplicity, while only a 1 sigma effect taking into account the v
systematic, also has interesting implications. Selecting a high momentum trigger
is typically thought to bias the near-side jet towards unmodified jet fragmentation,
and this would be expected to give particle yields that are independent of event
multiplicity. However, this selection effect is most significant when jet-quenching is
present, since the energy-loss is what causes the near-side to preferentially consist of
those jets with a small path-length through the QGP medium. In the case without
significant jet-quenching, it is possible that the same interactions acting to increase
the away-side yield are also present for the near-side jet as well. The observed trend
that the near-side ¢(1020) yields do not increase as much as the away-side yields may
point to a small path-length effect for this ¢ enhancement, or may be partly due to
an energy balancing effect due to requiring the high energy trigger particle to be in
the near-side jet.

In addition to the jet yields, similar yield measurements can be made for the
(h—¢) and (h — h) pair yields within the underlying event (see figure 6.13. However,
these individual per-trigger yields contain somewhat different information on the
multiplicity dependence than the jet yields do. As can be seen the Ay correlations,
the majority of all associated particles are coming from the underlying event, with
the jets contributing only a small amount to the total number of pairs. This means
that when higher multiplicity events are selected, this necessarily selects for events
with a larger underlying event. Considering that the dihadron jet yields are flat across
multiplicity, the UE yield measurement for the dihadron pairs is essentially measuring
multiplicity in the associate momentum range vs. multiplicity in the pr > 0.2 GeV/c.

For the (h — ¢) UE yields, similar behavior is seen, where the vast majority of the
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¢(1020) are coming from the underlying event rather than the jets. Again we see that

as multiplicity increases, the underlying event yields increase with it.

10

4.0< p_hr'mg < 8.0 GeVic p-Pb |s,, =5.02 TeV
1.5<p? < 2.5 GeVic
T,assoc

—~A— (h-h) in UE
—— (h-g) in UE (x 40)

Per-trigger Pair Yields

[

a1
HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH

o2
=
o
N
o
w
o
N
o

50 60
<Nch>|r]| <0.38
n 45
k=] -
€ 4 —A— (h-h)in UE p-Pb s, = 5.02 Tev
S asF.  —&— (h-g)in UE (x 40
o 3°F - (x 40) 40<ph  <8.0GeVic
S 3 25<p®  <4.0GeV/c
k=) - T,assoc
S 25
o =
[ 2}
1.5;
1=
0.5;
oE A B R B S R
0 10 20 30 40 50 60
<Nch>|r'|| <0.8

Figure 6.13: Per-trigger yields for (h — ¢) and (h — h) within the underlying event
(UE) as a function of multiplicity for the lower (top) and higher (bottom) associate
momentum region. Both the ¢ and hadron yields show a sharp increase as a function
of multiplicity. This reflects the fact that the majority of the total event production
is from within the UE, and thus as total multiplicity increases, yields within the UE
must increase as well.
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6.3 ¢/h Production Ratios Within Jets and the
Underlying Event

While changes in the per-trigger jet yields point to interesting changes to the jet
fragmentation, in order to look at strangeness enhancement it is necessary to look
at the strange over non-strange production ratio. For reference, previously observed
enhancement of the momentum integrated ¢/ ratio is presented here again in figure
6.14. However, the measured values of this ¢/7 ratio cannot be directly compared
to the values measured by the (h — ¢)/(h — h) ratio for several reasons. First, the
correlation ratio measurement takes the ratio to inclusive hadrons, rather than to
charged pions, and the measured ¢ /7 ratios are integrated over all momentum, while
the correlation measurement is for specific momentum regions. Second, the nature
of the correlation measurement chooses only those events that contain a high pr
trigger, thereby slightly changing the event pool makeup compared to collection of
minimum bias events. For these reasons, the presented ¢/pi ratio should be taken as
an illustrative example, demonstrating the overall effect of strangeness enhancement
across multiplicity.

By taking the yields presented in the previous section and dividing the (h — ¢)
yields by their dihadron yield counterparts, the underlying ¢/h ratio can be measured
in different production regions. These ratios are presented in figures 6.15 and 6.16
as a function of event multiplicity for the lower and higher associate momentum
ranges, and reported in table 6.4. The ratios are separated into the four areas of
the correlation: in the near-side jet (red points), in the away-side jet (blue), in the
underlying event (green), and the total ¢/h ratio (magenta). Similar to the jet yield

measurements, the systematic effect that the charged hadron v, has on the ratio is
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depicted as the shaded grey region. Due to the fact that the vy has effects of similar
magnitude to both the dihadron and (h — ¢) background estimation, this systematic

is significantly smaller for the ratio than for the individual jet yield measurements.

I/\ T T LB L | T T L L |
& VO multiplicity classes B
+[-: 0.012 | Uncertainties: stat.(bar), syst.(box) ]
= - GSI-Heidelberg H Jl H” i
0.01— Ten =156 MeV H ” ‘ H —
iy Hwﬁ% ;
0.006 — ﬂ —]
- ALICE Preliminary ALICE .
T ¢ Xe-Xe \syy =544 TeV Pb-Pb \[sy, = 2.76 TeV 7
0.004 | m Pb-Pbys,=5.02TeV & p-Pb sy, =5.02TeV ]
’ | e ppVs=13TeV ]

1 1 111 II| 1 1 1 11 1 II| Il 1 1 L1l I|

2 345 10 20 102 2x102 10° 2x10°
<chh/ dmm |<0.5

Figure 6.14: The momentum integrated ¢/m ratio plotted as a function of event
charged particle multiplicity. This ratio increases smoothly across a wide range of
multiplicities, with no dependence on the specific collision system studied. Figure
from ALICE.
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91

Lower associate momentum: 1.5 < pr < 2.5GeV/c

Event Region

50-80% Mult. Pctl.

20-50% Mult. Pctl.

0-20% Mult. Pctl.

¢/h Near-Side

¢/h Away-Side
¢/h in U.E.
¢/h Total

0.456-2 + 0.15e-2 (& 0.07e-2)
0.72e-2 + 0.26e-2 (+ 0.09¢-2)
1.91e-2 4 0.03e-2 (& 0.14e-2)
1.62e-2 & 0.04e-2 (& 0.11e-2)

0.66e-2 £+ 0.13e-2 (% 0.07e-2)
1.26e-2 + 0.21e-2 (£ 0.11e-2)
1.92e-2 4+ 0.01e-02 (£ 0.12e-3)
1.78e-2 + 0.02e-2 (£ 0.11e-2)

0.91e-2 £ 0.16e-2 (% 0.08e-2)
1.71e-2 + 0.21e-2 (£ 0.20e-2)
2.00e-2 £+ 0.01e-02 (4 0.13e-3)
1.93e-2 + 0.01e-2 (£ 0.12¢-2)

Higher associate momentum: 2.5 < pr < 4.0 GeV/

o

Event Region

50-80% Mult. Pctl.

20-50% Mult. Pctl.

0-20% Mult. Pctl.

¢/h Near-Side

¢/h Away-Side
¢/h in U.E.
¢/h Total

1.00e-2 =+ 0.14e-2 (£ 0.15¢-2)
1.79e-2 + 0.26e-2 (& 0.23¢-2)
2.85e-2 & 0.05¢-2 (& 0.20e-2)
2.29¢-2 & 0.06e-2 (+ 0.16¢-2)

1.00e-2 £ 0.12e-2 (£ 0.10e-2)
1.69e-2 £+ 0.19e-2 (£ 0.15e-2)
3.23e-2 £+ 0.01e-2 (% 0.20e-2)

2.75e-2 + 0.03e-2 (& 0.17e-2)

1.366-2 + 0.12e-2 (& 0.12¢-2)
2.21e-2 + 0.240-2 (4 0.26¢-2)
3.36e-2 + 0.01e-2 (& 0.21e-2)
3.08¢-2 + 0.02e-2 (& 0.19¢-2)

Table 6.4: Pairwise ratio of (h-¢)/(h-h) within the near-side jet, away-side jet, underlying event, and total ratio from
low multiplicity (left) to high multiplicity (right) p-Pb collisions, for lower associate pr (top) and higher associate pr
(bottom). Systematic errors are shown in parentheses.
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Figure 6.15: Per-trigger ¢/h pair ratios in the near-side (red), away-side (blue),
underlying event (green), and the total ratio (magenta) for the lower momentum
range. The shaded grey band represents the difference between the ratio using the
flat UE estimation and using the charged hadron v, estimate.

One of the primary observations of this differential ¢/h ratio is in the consistent
separation of the ratio within the underlying event and the ratio within the jet regions.
In fact, for both momentum ranges and all multiplicities, the ¢/h ratio in the near-
side jet is the smallest, followed by the ratio in the away-side jet, while the ¢/h
ratio in the UE is significantly higher than in either jet. The total ¢/h ratio, being
essentially a weighted average between the ratio in the UE and the ratio in the jets,
lies in-between the two. This persistent feature points to a clear difference in the
¢/h production within jets and within the softer interactions in the underlying event.
Somewhat surprisingly, the ¢/h ratio within the UE is essentially independent of
event multiplicity for both momentum ranges. This suggests that the mechanism
that causes the enhanced ¢/h ratio within the UE, and therefore drives the total ¢/h

ratio, is present in even low-multiplicity events. In terms of a toy QGP model, this
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Figure 6.16: Per-trigger ¢/h pair ratios in the near-side (red), away-side (blue),
underlying event (green), and the total ratio (magenta) for the higher momentum
range. The shaded grey band represents the difference between the ratio using the
flat UE estimation and using the charged hadron v, estimate.

could be explained as a volume dependent effect: the UE yields scale with the volume
of the QGP medium, while the in-medium production processes are only dependant
on the existence of the medium rather than its size, leading to a ¢/h ratio within
the UE that is constant. However, this explanation relies on the existence of a QGP
medium in even low multiplicity p-Pb collisions, an assumption that is still difficult
to explain theoretically.

Another distinct feature of the ¢/h ratios is the difference between the behavior in
the higher and lower momentum range. This difference can be quantified by looking
at a linear fit of the yields as a function of multiplicity for the higher and lower
momentum ranges (see table 6.5). For the higher momentum range, the ratios within
different regions show roughly the same increase as multiplicity increases. For the

lower momentum range, however, we see a slight difference in the slopes of the ratio
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in the underlying event region and the behavior of the ratios within the jet region.
Moreover, in the lower momentum range we see an approximately 1 sigma difference
between the increase within the near-side and the away-side regions, with the away-

side ratio showing substantially more enhancement.

Linear fit of (h-¢)/(h-h) ratio vs. (N.,)
Associate momentum: 1.5 < pr < 2.5GeV/c

Event Region Fit Slope (Fit Slope with v, ) x?/ndf
Near-Side 1.36e-4 4+ 0.65e-4 (1.11e-4 + 0.65e-4) | 0.015
Away-side | 2.84e-4 £ 0.98¢-4 (2.63e-4 + 0.98e-4) | 0.225

U.E. 0.36e-4 £ 0.05e-4 1.88

Total 0.86e-4 £ 0.12e-4 1.22
Associate momentum: 2.5 < pr < 4.0GeV/c
Near-Side | 1.18e-4 £ 0.54e-4 (0.88e-4 + 0.54e-4) | 1.03
Away-side | 1.44e-4 £+ 1.02e-4 (1.13e-4 + 1.02¢-4) | 1.05
U.E. 1.25e-4 £ 0.24e-4 214
Total 2.29e-4 £ 0.26e-4 6.03

Table 6.5: Fit parameters for the differentiated (h — ¢)/(h — h) ratios vs. (Ng,) in
the two different associate momentum ranges. Values in parentheses represent the
fits with the yield ratios calculated using the charged hadron vy assumption for both
the (h — ¢) and (h — h) correlations.

The large difference in the ¢/h ratio in the jets and UE has an interesting effect
on the total ¢/h ratio as a function of multiplicity. Plotting the percent of the total
(h—¢) pairs that come from jets shows a clear trend as a function of event multiplicity
(see figure 6.17). From the dihadron yields, it is seen that at low multiplicities, jet
production makes up roughly 40% (20%) of produced hadrons in the higher (lower)
momentum range. This fraction then falls as multiplicity increases, until at the
highest multiplicity, jet production only makes up roughly 20% (10%) of the produced
hadrons in the higher (lower) momentum range. Since the total of (h — ¢) or (h — h)

pairs is simply jets plus UE, the total (h — ¢)/(h — h) ratio can be written as a
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weighted average:

h—¢ B h—¢ h—¢
(h_h)Total 7 (h_h)Jet5+(1 _f) " (h’_h)UE (6.1)

where f is the fraction of (h — h) pairs that come from jets (i.e. (h — h)jets/(h —
h)Tota1). This means that since the jet vs. non-jet makeup of the event (encapsulated
in f) decreases as multiplicity increases, the total ¢/h ratio will shift from lower
(closer to the ratio in jets) at low multiplicity, to higher (closer to the ratio in the
UE) at high multiplicity. This gives a new “event make-up” mechanism for the
smooth increase in the total ¢/h ratio: even if the underlying production in the jet
and UE are relatively flat as a function of multiplicity, the decreasing fraction f will
increase the total ¢/h ratio as multiplicity increases.

To better understand the behavior seen within the differential ¢/h ratios, it is
useful to compare the measured p-Pb ¢/h ratio to model predictions. For this com-
parison, the presented ratios in p-Pb are compared with the same ratios calculated in
simulated pp events using the event generator PYTHIA. The simulated events were
generated with the Monash 2013 tune[114], and were anchored to real pp collision
data measured in ALICE in 2017. Briefly, PYTHIA is Monte Carlo event generator
that uses wide variety of measured scattering cross sections, along with perturbative
QED and QCD calculations, to simulate a number of different scattering processes.
Since it primarily relies on perturbative methods, it cannot simulate the soft regions
of momentum transfer where the strong coupling blows up. However, it does include
many complicated phenomena, including multi-parton interactions, resonance regen-
eration and rescattering, and non-perturbative string fragmentation. In this way, it
is a useful tool for studying regimes where high momentum transfers are expected,
such as high energy pp collisions.

In the context of this analysis, PYTHIA presents a useful way to study the produc-

150



0.6

- C
kel -
K - —@— Jet/Tot for (h-h
g[S osf evTortor (0 p-Pb |5 = 5.02 TeV
f g - —e— Jet/Tot for (h-¢)
] A 4.0< p;mg < 8.0 GeVic
. r 15<p"  <25GeClc
o | T,assoc
|
o C
° C
= C
02 \
01 . T
- *— —— ——
oL \ \ Ll Loy !
0 10 20 30 40 50 60
<Ner>pi<os
~— 06
3 C
Dln o —0— Jet/Tot for (h-h
S sl etTotfor () p-Pb |/, = 5.02 TeV
? g C —@— Jet/Tot for (h-¢) 4.0 < p‘?’trig < 8.0 GeV/c
3| oaf- 25<p?  <4.0GeClc
° -
g o3 \
o) C
° C >
= C
0.25 \
0_1} \\‘—
O:H‘\""\HH\HH\HH\HHM‘
0 10 20 30 40 50 60
<N(:h>|r]|<0.8

Figure 6.17: The fraction of per-trigger pairs that come from within the near and
away-side jet peaks for the lower (top) and higher (bottom) associated momentum
ranges. As multiplicity increases, the fraction of pairs that come from jets decreases
significantly

tion ratio of ¢/h in a system explicitly lacking a collective QGP phase in the evolution
of the collision. The (h—¢) correlations in PYTHIA are measured in the same method
used in the “truth” measurement of the Monte Carlo closure tests, described in sec-
tion 5.1. Here the ¢ are selected directly, rather than being reconstructed from their
decay children, and are then correlated with real trigger hadrons. The rest of the

analysis proceeds in exactly the same way as the p-Pb analysis. In addition, the di-
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rect ¢/h ratio in PYTHIA was calculated by looking at the primary charged hadrons
and the ¢ in events that contained a trigger hadron directly, without performing the
per-trigger correlation. For both the lower and higher momentum associate regions,
the direct ¢/h ratio was measured to be within 1% of the total (h — ¢)/(h — h) ratio,
again confirming the ability of the per-trigger correlation measurement to recover the
underlying ¢/h yield ratios.

The final PYTHIA pair-wise h — ¢/h — h ratio can be seen plotted against the
p-Pb measurement as the open points in figures 6.18 and 6.19. While a significant
multiplicity dependence was not expected, the PYTHIA events were separated into
0-20% and 20-80% multiplicity percentile bins in order to cross-check this assumption.

Simple linear fits between the two multiplicity bins are plotted as dashed lines.
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Figure 6.18: Pairwise ¢/h ratio vs (IN.,) for the lower associated momentum range
1.5 < pr < 2.5GeV/c. Ratios from p-Pb data are depicted with solid points, while
ratios from simulated pp PYTHIA events are depicted as open points.

Comparing the ratios between model and data shows that the ratio within the near

and away-side jets for low multiplicity p-Pb events is consistent with the PYTHIA
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Figure 6.19: Pairwise ¢/h ratio vs (N.,) for the higher associated momentum range
2.5 < pr < 4.0GeV/c. Ratios from p-Pb data are depicted with solid points, while
ratios from simulated pp PYTHIA events are depicted as open points.

prediction, for both momentum ranges considered. This suggests that the jet pro-
duction in low multiplicity p-Pb is well described by the perturbative, non-collective
physics contained in PYTHIA. Interestingly, PYTHIA does still exhibit an ordering
of ¢/h production, where the production ratio in the jets is lower than in the non-jet
event. This suggests that at least part of this ratio ordering seen in p-Pb collisions
may be explained by more standard QQCD physics, rather than collective phenomena.

However, the ratio in the underlying event - and therefore in the total ratio -
is significantly under-predicted in PYTHIA compared to even low multiplicity p-
Pb collisions. Since the observed strangeness enhancement in p-Pb collisions can
be partly understood as an “event make-up” effect, the lower UE ratio in PYTHIA
directly leads to the under-prediction of the total ratio. As p-Pb collisions increase
in multiplicity and become more dominated by the underlying-event production, this

large discrepancy in the UE ratio between data and PYTHIA means the total ratio in
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p-Pb events move farther away from the PYTHIA behavior as multiplicity increases.
This highlights the ability of these separated yield ratios to more stringently test

model behavior.
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Chapter Seven: Summary

When ordinary nuclear matter is subjected to an environment of extremely high
energy density and temperature, the nucleons “melt” into a new state of matter,
known as the Quark-Gluon Plasma (QGP). The properties of this partonic medium
have been studied extensively using ultra-relativistic heavy-ion collisions at particle
accelerators for the past several decades. Contrary to initial predictions that it would
behave like an ideal gas, the QGP is instead observed to act like a strongly interacting
fluid, exhibiting strong signatures of collective behavior in the distribution of final
state particles. Another observed signature of the QGP is a large enhancement in
the production of strange quarks, and therefore an increase in the ratio of strange
hadrons to non-strange hadrons. While initially QGP formation was expected to
only occur in heavy-ion collisions, collective behavior and strangeness enhancement
have both been observed in smaller systems, such as high multiplicity pp and p-Pb
collisions. The microscopic origin of this onset of strangeness enhancement is still an
active topic of study, and new measurements are crucial to help constrain different
strangeness production mechanisms within theoretical models.

Presented in this thesis are measurements of per-trigger jet-like h — ¢ angular
correlations in p-Pb collisions, measured at different event multiplicities and associate
momentum ranges. These correlations were measured with the ALICE detector at
the LHC, in p-Pb collisions with center of mass energy of /sy = 5.02TeV. Also
presented is a procedure for using jet-like correlations to construct separated yield
ratios by comparing the identified associate ¢(1020) production to inclusive hadrons

using measured dihadron correlations. This procedure allows for a separation between
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the near-side jet, the away-side jet, and the non-jet underlying event. The ¢/h
production can then be compared between regimes dominated by hard scattering
(jets) and those dominated by softer processes (underlying event), helping to separate
out different production regimes that may contribute to strangeness enhancement.

Measuring the ¢/h yield ratios in different areas of the correlation space showed
marked differences between the production in the different event regions. For all
multiplicities and momentum ranges, the production ratio is significantly higher in
the underlying event (UE) than in the jets, pointing to differences in strangeness
production between the two regions. This high production ratio in the UE is seen to
be mostly independent of multiplicity. Moreover, with increase in event multiplicity,
the total pair production is increasingly made up of the underlying event, with the
jet production contributing a shrinking fraction of total production. This presents an
interesting “event make-up” view of strangeness enhancement, where the increasing
strangeness in p-Pb collisions as multiplicity increases can be partly viewed as shifting
towards events that are more dominated by the underlying event production, and
therefore towards the higher ¢/h ratio found in the underlying event.

By separating out the yields within the near and away-side jets, this analysis
identified another interesting feature of the ¢/h ratio, where a significant increase in
the away-side jet ¢/h ratio in the lower momentum range is seen. A smaller increase
is seen in the near-side yields, though the amount of this change has significant
statistical errors. The increase in the away-side jet ¢/h ratio means that at the
higher-multiplicity, the ratio in the away-side is similar to the ratio in the underlying
event. This shift is a surprising result, and potentially points to an enhancement due
to a production process that is path-length dependent, such as a high momentum

parton interacting with the partonic medium to change the final jet fragmentation.
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The production ratio being consistently higher in the underlying event may point to
the contribution of a QGP phase in the collisions, where strangeness enhancement
would be expected. However, the fact that the UE ¢/h ratio is relatively flat with
respect to multiplicity suggests that the processes responsible for the higher ¢/h
production are present even in low multiplicity p-Pb collisions, where a significant
QGP phase is generally not expected.

The ¢/h ratios in p-Pb collisions are also compared with simulated pp results
using the PYTHIA event generator. Since PYTHIA does not contain a collective
phase in the collision evolution, PYTHIA results are a way to compare the expected
production from perturbative QCD techniques to the experimental results. The ¢/h
ratio in jets in low multiplicity p-Pb events are seen to be in good agreement with
PYTHIA predictions. This gives credence to the low multiplicity jet ratios being well
described by known QCD processes. However, the ratios within the underlying event
are shown to be significantly higher in p-Pb collisions than in PYTHIA, across all
multiplicities and momentum ranges considered in this analysis. This confirms that
the softer, non-jet production region of p-Pb collisions needs additional physics to
explain the larger ¢/h production seen there.

The ability to explain the strange, collective phenomena of smaller collision sys-
tems is an ongoing effort in the heavy-ion community. Similar methods to this anal-
ysis using jet reconstructing algorithms have looked at other strange particle ratios
(A/K?) in pp and p-Pb collisions. These studies have seen similar behavior as is
presented in this analysis, where the in-jet ratios are consistent with PYTHIA, while
the total integrated ratios show a large discrepancy between model and data[l115],
[116].

By allowing access to the away-side jet production separately from the near-side,
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as well as different momentum ranges inside and outside of jets, angular correlations
make for a good complementary measurement to observables from reconstructed jets.
A new observation of an increase in the away-side was presented in this dissertation.
This increase points to interesting and not-yet understood physics occurring in small
collision systems. With the increased statistics expected to be gathered during the
next decade of data taking at the LHC, there is a wealth of information that can be
uncovered in the strangeness sector. Extending this measurement using high mul-
tiplicity pp collisions, and performing the same measurement technique for a wider
collection of strange particles, will lead to a deeper understanding of the origin of
strangeness enhancement in small systems. The continued study of the onset of col-
lective behavior in small systems is vital to explaining the behavior of nuclear matter
under extreme conditions, and in so doing is vital to understanding the fundamental

physics of the universe.
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Appendix A: Mixed-Event Corrected

Two-Dimensional (h — KK) Correlations

A.1 Multiplicity Percentile 0-20%

A.1.1 Lower Assoc. Momentum (1.5 < pr < 2.5GeV/c)

Corrected (h-KK) in LSB Corrected (h-KK) in ¢(1020) Mass Peak Corrected (h-KK) in RSB

Figure A.1: Mixed-event corrected (h — KK) correlations in the LSB (left), the
»(1020) mass peak (center), and the RSB (right) regions, taken in the 0-20% Multi-
plicity and lower associate momentum bin.

A.1.2 Higher Assoc. Momentum (2.5 < pr < 4.0GeV/c)
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Corrected (h-KK) in LSB Corrected (h-KK) in ¢(1020) Mass Peak Corrected (h-KK) in RSB
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Figure A.2: Mixed-event corrected (h — KK) correlations in the LSB (left), the
»(1020) mass peak (center), and the RSB (right) regions, taken in the 0-20% Multi-
plicity and higher associate momentum bin.

A.2 Multiplicity Percentile 20-50%

A.2.1 Lower Assoc. Momentum (1.5 < pr < 2.5GeV/¢)

Corrected (h-KK) in LSB Corrected (h-KK) in ¢(12050) Mass Peak Corrected (h-KK) in RSB

10 b

Figure A.3: Mixed-event corrected (h — KK) correlations in the LSB (left), the
»(1020) mass peak (center), and the RSB (right) regions, taken in the 20-50% Mul-
tiplicity and lower associate momentum bin.

A.2.2 Higher Assoc. Momentum (2.5 < pr < 4.0 GeV/c)
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Corrected (h-KK) in LSB Corrected (h-KK) in ¢(12050) Mass Peak Corrected (h-KK) in RSB
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Figure A.4: Mixed-event corrected (h — KK) correlations in the LSB (left), the
»(1020) mass peak (center), and the RSB (right) regions, taken in the 20-50% Mul-
tiplicity and higher associate momentum bin.

A.3 Multiplicity Percentile 50-80%

A.3.1 Lower Assoc. Momentum (1.5 < pr < 2.5GeV/c)

Corrected (h-KK) in LSB Corrected (h-KK) in ¢(15080) Mass Peak Corrected (h-KK) in RSB

Figure A.5: Mixed-event corrected (h — KK) correlations in the LSB (left), the
»(1020) mass peak (center), and the RSB (right) regions, taken in the 50-80% Mul-
tiplicity and lower associate momentum bin.

A.3.2 Higher Assoc. Momentum (2.5 < pp < 4.0GeV/c)
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Corrected (h-KK) in LSB Corrected (h-KK) in ¢(15080) Mass Peak Corrected (h-KK) in RSB

Figure A.6: Mixed-event corrected (h — KK) correlations in the LSB (left), the
¢(1020) mass peak (center), and the RSB (right) regions, taken in the 50-80% Mul-
tiplicity and higher associate momentum bin.
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