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High energy heavy-ion collisions provide us with the unique opportunity to study

the Quark-Gluon Plasma (QGP) in a laboratory setting. The QGP is a special state
of matter in which quarks and gluons, fundamental particles that compromise the
nuclei of atoms, are deconfined, not bound into larger particles (hadrons). The QGP
lasts for only a short time — on the order of 1072 seconds — and therefore cannot
be measured directly. However, a useful probe of the QGP is the beauty quark,
which is created in the first moments of a heavy-ion collision and experiences the
full evolution of the QGP. As they travel through the QGP, beauty quarks inter-
act with the other partons (quarks and gluons) via elastic and inelastic scattering
[gluon bremsstrahlung], produce quark and antiquark pairs, and lose energy. The
beauty quarks later form larger bound states (like B mesons), which further decay
into particles such as electrons before reaching detectors.

In this thesis, electrons from beauty hadron decays (beauty-decay electrons) are
measured in heavy ion collisions of lead-on-lead ions (Pb-Pb) at center-of-mass energy
per nucleon pair /sy = 5.02 TeV with the ALICE detector at the LHC. The anal-
ysis is conducted separately for collisions with 0-10% centrality (i.e. most “head-on”
collisions) and 30-50% centrality (i.e. slightly off-center collisions). The results will
be compared with previous measurements of heavy-flavor (charm and beauty) decay

electrons and with theoretical predictions.

vi



Contents

Acknowledgements . . . . . . ... v
List of Figures . . . . . . . . . . xi
Chapter 1: Introduction . . . . . . . . .. ... ... 1
1.1 Fundamental particles and forces . . . . . . . ... ... ... .. ... 3
1.2 Quark-Gluon Plasma . . . . . . . .. .. ... .o )
1.3 Heavy-ion collisions . . . . . . . . . ... ..o 9
1.4 Heavy-flavor probes . . . . . . . . ... Lo 11
1.5 Emergy loss in the QGP . . . . . . ... ... oo 13
1.6 Nuclear modification factor . . . . . . . . . . ... ... 15
1.6.1 Cold nuclear matter effects and Rpa . . . . . . . ... .. .. 16

1.6.2  Energy loss in the QGP and Raa . . . . . . . . . ... .. .. 18

1.6.2.1 Centrality and Raa . - - . . . v o v v v v oo 19

1.6.2.2 Beauty Rap - « -« « v v v v i 20

1.7 Azimuthal anisotropy . . . . . . .. ... 22
1.8 Theoretical models . . . . . . .. ... 25
1.81 FONLL model . . . . . ... ... ... ... ... ... 26

1.8.2 Djordjevic model . . . . . .. ..o 28

1.8.3 PHSD model . . . .. .. .. ... .. ... ... ... 29

1.84 DAB-MOD model . . . . . ... ... ... L 30

1.8.5 MC@sHQ+EPOS2 model . .. ... .. ... ... ...... 31

1.86 LIDOmodel . . . . . . ... ... ... 31
Chapter 2: Experimental Set-up . . . . . . . . . ... ... ... .. .. .... 33

Vil



2.1 The Large Hadron Collider . . . . . . .. ... ... ... ... ..... 33

2.2 The ALICE Detector . . . . . . . . . . . . 34
221 TTS. .. o 37

222 TPC . . . 39

223 EMCal . . . . ... 42
2.2.3.1 Clustering and Shower shape . . . .. ... ... .. 44

2232 EGI1 Trigger. . . . . . . . .. .o 46

2.24 VOdetector . . . . . . ... 47
2.2.4.1 Centrality . . . . .. .. ... 47

Chapter 3: Analysis Details . . . . . ... ... ... ... ... 50
3.1 Dataset and Event selection . . . . . ... ... ... ... ... 51
3.1.1 Monte-Carlo sample . . . ... .. .. ... ... ....... o1

3.2 Track selection . . . . .. ..o 52
3.3 Heavy-flavor electron identification . . . . . . . .. ... ... ... .. 52
3.3.1 Electron identification . . . . . . ... ..o 52

3.3.2 Removing hadron contamination . . . ... ... .. ... .. 55

3.3.3 Non-HF electron background subtraction . . . . . .. . .. .. 56
3.3.3.1 Photonic electrons . . . . . ... ... 58

3.3.3.2 Photonic electron tagging efficiency . . . . . . . . .. 60

3.3.3.3  Other background sources of electrons . . . . . . .. 62

3.4 Separating charm- and beauty-decay electrons . . . . . .. .. ... .. 64
3.4.1 Fitting procedure . . . . .. ... oo 65

3.4.2 Template Corrections . . . . . . . . . . ... ... ... .... 67
3.4.2.1 D meson spectrum . . . ... ... ... 69

viil



3.4.2.2 B meson spectrum . . .. ... 70

3.4.2.3 Relative fraction of different D meson species . . .. 71

3.4.2.4 A, spectrum and A./D° correction . . .. ... ... 72

3.5 Acceptance and reconstruction efficiency . . . .. ... ... 74
3.5.1 Data-driven norpc_qr/dax Selection Efficiency . . . . . . .. .. 75

3.5.2  Data-~driven M20 Electron Selection Efficiency . . . . . . . .. 7

3.6 Rejection Factor . . . . . . . . . ... 7
3.7 pp Reference . . . . . . . ... 79
Chapter 4: Systematics and MC Closure Tests . . . . . . .. ... .. .. ... 83
4.1 Track reconstruction . . . . . . .. ... L oL 83
4.2 Hadron background removal . . . . . .. ... ... .00, 84
4.3 Photonic Electron Subtraction . . . . . . . ... ... 88
4.3.1 Photonic electron closure test . . . . .. ... ... 89

4.4 W background . . . . . ... 93
4.5 MC Template Corrections . . . . . . . . . ... ... .. .. ...... 94
4.6 Fit stability . . . . . . ..o 97
4.7 Weighted Log-likelihood Fit & Errors . . . . . . ... ... .. .. ... 98
Chapter 5: Results . . . . . . . . . ... . 101
5.1 Beauty-hadron decay electron yield . . . . . . ... ... ... ... .. 101
5.2 Nuclear modification factor: Energy loss in the QGP . . . . . . . . .. 103
5.2.1 Energy dependence: Comparison with 2.76 TeV . . . . . . .. 105

5.2.2 Mass dependence: Charm and beauty . . . . .. .. ... ... 107

5.2.3 Model predictions . . . . . . ... L 110
Chapter 6: Summary and Outlook . . . . . ... .. ... ... ... ..... 114

X



6.1 Outlook and Future measurements . . . . . . . . . . . . . . ... ...

Bibliography



1.1

1.2
1.3

14

1.5

1.6

1.7

1.8

1.9

1.10

1.11

1.12

List of Figures

A schematic example of the hadronization and decay of a beauty quark
pair created in a heavy ion collision. The beauty quarks hadronize to BT
and B~ which further decay and produce electrons, which are highlighted
inyellow. . . . ..

The fundamental particles of the standard model. . . . . . . . . .. ..
Ilustration of confinement. . . . . . . . . . ... .. ... ... .....

Lattice QCD calculations of energy density as a function of temperature
(at zero baryon density) [15]. The sharp turn around T = 170 MeV
indicates a phase transition. . . . . . . ... ... ... ..

Phase diagram of hadronic matter. Collisions at the LHC are expected to
cover the area denoted by the green oval at low net baryon density but
high temperature. Image from Brookhaven National Laboratory. . . . . .

Expansion of the universe after the Big Bang. Image from the Particle
Data Group at Lawrence Berkeley National Lab. . . . . ... ... . ..

[lustration of the spectators and participants in an off-center heavy-ion
collision. Image courtesy of the CERN Courier [31]. . . . . . . ... ...

The stages of a heavy-ion collision. In this case, the incident nuclei are
Pb ions. Image adapted from S.A. Bass. . . . . ... ... ... .....

Left: an illustration of how quarks travel through the QGP, acting as
internal probes of the collision system. Middle and right: Diagrams of
collisional and radiative energy loss processes respectively of a quark with
energy E as it travels through the QGP. Adapted from [1]. . . . . . . ..

Mustration of the dead cone effect. . . . . . . . . . . . .. .. ... ...

The coordinate system used to define the transverse (xy) plane. The
heavy-ion beams run parallel to the z-axis. . . . . ... ... ... ...

The R,pp, of D mesons [43] and beauty-decay electrons [45] in \/Syy = 5.02
TeV p-Pb collisions measured with ALICE versus model predictions that
include CNM effects. . . . . . . . ...

x1

10

14

14

16



1.13 Left: The Raa of D mesons (black), pions, (red), and charged particles
(green) measured with the ALICE detector in 0-10% Pb-Pb collisions at
V5NN = 5.02 TeV [36, 46]. Right: The Raa of beauty-decay electrons (red)
and heavy-flavor decay electrons (from both charm and beauty) measured
with the ALICE detector in 0-20% Pb-Pb collisions at y/syny = 2.76 TeV
45, 47«

1.14 The Raa of D mesons measured with the ALICE detector in Pb-Pb colli-
sions with different centralities at \/syy = 5.02 TeV [36]. . . . .. ...

1.15 Nuclear modification factor of B*, measured by the CMS collaboration in
Pb-Pb collisions [37]. . . . . . ... ..

1.16 Left: Illustration of an off-center collision in the transverse plane. Right:
Example azimuthal distribution of particles produced in an off-center col-
lision. Tmages from [1]. . . . . . . .. .. ...

1.17 The elliptic flow vy of D mesons (left) and beauty-decay electrons (right)
measured in ALICE in 30-50% Pb-Pb collisions [63, 65]. . . . ... ...

1.18 Overview of the theoretical models that provide predictions of beauty-
decay electrons in Pb-Pb collisions. . . . . . ... ... ... ... ...

1.19 The cross section of electrons from beauty-hadron decays measured in
ALICE in pp collisions at /syy =5.02 TeV [80]. . . . . ... ... ...

2.1 Diagram of the LHC. Illustration by Phillipe Mouche, from BBC News

2.2 Schematic of the ALICE detector. Image from ALICE. . . .. .. .. ..

2.3 Schematic of the Inner Tracking System (ITS) in the ALICE detector.
Image from [115]. . . . . . . . ...

2.4 Schematic of the Time Projection Chamber (TPC) in the ALICE detector.
Image from [117]. . . . . . . . . ..

2.5 Transverse momentum resolution (%) for Pb-Pb collisions with dNg,/dn =
6000 (left) and for pp collisions (right). Image from [117].. . . . . . . ..

2.6 A schematic of the components of the EMCal detector. Images taken from
[123] and [124]. . . . . . ..

xil

35



2.7

2.8

2.9

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

A Pb-Pb event display from ALICE. The lines show tracks reconstructed
in the TPC and ITS, while the orange blocks show a “heat map” of energy
deposited in the towers of the EMCal. Image courtesy of CERN. . . . . .

An illustration of a cluster in the EMCal and the ellipse parametrization.
Image from Tomas Aronsson’s thesis [125]. . . . . . ... ... ... ...

The VO signal amplitude in Pb-Pb collisions at /syy = 2.76 TeV mea-
sured with ALICE, divided into centrality classes. Image from [133].

ALICE performance plot showing energy loss in the TPC as a function
of momentum. Note different particle species follow characteristic curves
described by a Bethe-Bloch parametrization. . . . . ... ... ... ..

The E/p distributions after electron identification selections (black), shown
in different momentum ranges. The estimated hadron contamination is
shown in red. The green distribution shows the electron signal after the
hadron contamination has been subtracted. The data shown here is from
0-10% collisions. . . . . . . . . . ...

The estimated purity of the electron sample with all eID cuts (red) com-
pared to the purity without the M20 cut (green). The left plot shows the
results for 0-10% centrality, while the right shows the results for 30-50%.

The DCA of electron candidates (black), the estimated hadron contami-
nation (red), and the photonic electrons (purple) in 30-50% centrality. . .

Invariant mass of electron pairs in 2.76 TeV Pb-Pb collisions measured

with ALICE. . . . . .o

The DCA distributions of electrons that form an unlike-sign (like-sign)
pair with M, < 0.1 GeV/c? in blue (orange) in 30-50% centrality.

Left: The spectra of 7% and 7 in the 30-50% MC sample (embedded in
red, non-enhanced Hijing in black). Right: The weight functions applied
to electrons from 7° and 1 decays in MC (0-10% centrality in blue, 30-50%
inred). . ...

Tagging efficiency of photonic electrons before and after applying the
weight to electrons from 7 and 7y in the MC sample. The example shown
here is in 30-50% centrality. . . . . . . . . . ... ... ... ...

HMlustration of how the meson decay length affects the DCA of the decay
electrons. . . . ...

xlil

44

45

49

o4

57

58

99

60

61

62

63



3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

The DCA distributions of electrons from different sources, generated using

MC simulations. Here, dy is used to denote distance-of-closest approach
(DCA). .

Examples of template fits in 0-10% and 30-50% centrality in different pr
bins. . ..

The beauty (top) and charm (bottom) templates before and after the B
meson weight, D meson weight, and the D° ratio corrections are applied
in 0-10% centrality. . . . . . . . .. ...

Left: the MC spectra of D° (blue) and all D mesons (cyan) and the data
spectra of D° (black) in 30-50% Pb-Pb collisions. The two variations used
for systematic uncertainty estimation are shown in red and green. Right:
the weight applied to the electrons from D mesons, according to the D
meson Pr (CYAN). . . . . v v v

Top left: the TAMU Raa of B mesons in 20-40% (green). The variations
for systematics are shown by the dashed lines. Top right: the FONLL
cross section of B mesons in pp 5.02 TeV. Bottom: the MC B meson
spectrum in 30-50% centrality. . . . . . ... .. ...

The weight applied to electrons according to their mother B meson pr
(black) in the 30-50% MC sample. The variations for systematics are
shown in magenta and orange. . . . . . . . .. ... ... .. .. ....

Ratios of different D mesons and A, to the number of D° in 30-50% data
(36, 148]. The lines on the right plot show the fit to determine the value
of the D¥/D® and D,/D° ratio correction. The dashed lines show the
systematic variations. . . . . . ... ..o

Left: The A. spectrum in MC (yellow) and the D° spectrum from data
(black) in 30-50%. Right: The weight applied to electrons from A, ac-
cording to the mother A. pr for 30-50% centrality. . . . . . . . . .. ...

norpc—de/d. distributions after applying the eID cut 0.8 < E/p < 12
in different pr bins in 30-50% centrality. Three gaussians were fitted
to estimate the true electrons and background. The TPC elD efficiency
was estimated by integrating the blue electron gaussian in the cut region

70

(=1 < norpe—dp/d: < 3) and dividing by the total integral of the gaussian. 75

The means and sigmas of the gaussians used to fit the norpc_ag/d, dis-
tributions for the TPC norpe—_ar/de cut efficiency. Note the 7y and K/p
gaussian means creep toward the electron mean as the pr increases. . . .

X1v

76



3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

4.1

4.2

4.3

The data-driven norpc_qr/dax electron selection efficiency using the data-
driven method (gray) and the norpc_gg/ax electron selection efficiency
using MC. The left plot is in 0-10% centrality, the right is in 30-50%.

The E/p distributions used to calculate the data-driven M20 efficiency in
30-50%. Both distributions have the cut —1 < norpe_gg/ax < 3 applied,
but the blue distribution has an additional cut of 0.01 < M20 < 0.35.

The data-driven M20 electron selection efficiency using the data-driven
method (gold) and the M20 electron selection efficiency using MC (blue).
The left plot is in 0-10% centrality, the right is in 30-50%. . . . . . . ..

A summary of the efficiencies in 0-10% (left) and 30-50% (right).

Left: the cluster energy of the min bias triggered data (open circle) and
the EMCal-triggered data (closed circle). Right: the ratio of the triggered
and min bias data. The fit line to get the RF value is shown in black.
Update with 0-10% plot as well. . . . . . . ... . ... ... ......

The pp reference in data for the pr < 8 GeV/c (green) and the FONLL
cross-section. [The prefactor 1/(27mpr) is present in the measured cross
section in data, so it is also applied here to the FONLL cross section for
COMPAriSONL] . . . . . ..

The ratio between the FONLL cross section and the low-pr data reference.
The blue fit line is used to scale the FONLL results to create the reference
at high-pt. The green line is a straight line fit to the data points between
4-8 GeV/c. The cyan and red lines are used to calculate the systematic
error of this scaling procedure, and are the result of varying the green line
within its parameter errors. . . . . . . . . .. .. ...

The data pp reference for low-pr (green) and the FONLL cross-section
scaled to match the low-pr reference. . . . . . . . .. ... ... ... ..

A summary of the systematic uncertainties of the beauty-decay electron
yield in Pb-Pb collisions. . . . . . .. . .. ... oL

The ratio of the beauty-decay electron yield obtained after varying the
number of TPC clusters compared to the default (80 clusters). . . . . . .

The ratio of the beauty-decay electron yields in 30-50% centrality with
different variations of the E/p, norpc_qp Jdz, and M20 electron selection
criteria to the default values. . . . . . . . ... . ... ... ... ...,

XV

76

78



4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

Mlustration of shifting the scaling region for 4 < pr < 5 GeV/c in 30-50%
centrality. The scaling region is highlighted in yellow. . . . . ... . ..

The beauty-decay electron yield results after varying the hadron E/p scal-
ing factor within its statistical uncertainty. Lines have been fitted to the
ratio for pr < 10 GeV/cand pr > 10 GeV/e. . . . . . . .. ... ...

87

The difference in beauty-decay electron yield when the min pr and norpc—dg/dx

requirement for the partner electron are varied in 30-50% centrality.

The tagging efficiencies of electrons from the different photonic electron
sources: vy (red), my (gold), and 7 (green). The total (default) tagging
efficiency isin blue. . . . . . ...

The variation in the beauty yield when the tagging efficiency of the in-
dividual sources of photonic electrons are used. The gold distribution
corresponds to considering only the 7¥ electrons, the green to n electrons,
and the red to v electrons. . . . . ... .. ... L

The production radius (in cm) of photonic electrons in 0-10% MC simula-
tions. All photonic electrons are in red, photonic electrons “tagged” using
the invariant mass method are in black. . . . . . .. .. ... .. ...

The photonic electron tagging efficiency as a function of production radius
(in cm). The blue distribution is after applying the my and 1 weights
described in Section 3.3.3.2. . . . . .. ...

Left: The photonic electron yield in a MC sample calculated using the
invariant mass method compared with the true yield. Right: Ratio of
the photonic electron DCA distribution obtained using the invariant mass
method divided by the true distribution. The DCA distributions were not
normalized before dividing. . . . . . . . ... ... . L.

Fraction of the beauty-decay (red), charm-decay (cyan), and photonic
electrons (gold) combined for the photonic electron closure test. . . . . .

Ratio of the photonic electron DCA distribution obtained using the invari-
ant mass method divided by the true distribution. Left: 0-10% centrality.
Right: 30-50% centrality. . . . . . . . . ... ... ..

Left: Fraction of Dalitz-decay electrons (used as a W decay electron proxy)
used in the closure test to estimate the effect of the W decay electron
background. Right: The effect of the W decay background on the beauty-
decay electron yield in the closure test. . . . . ... .. ... .. ....

XVl

89



4.15

4.16

4.17

4.18

4.19

4.20

5.1

5.2

2.3

5.4

2.5

2.6

Top: Variation of the 0-10% (20-40%) TAMU B meson R used for the
0-10% (30-50%) beauty electron yield systematics. Bottom: The ratios of
the beauty-decay electron yield used for the B weight systematic uncer-
tainty estimation in 0-10% centrality. . . . . . . . . ... ... ... ..

Effect of varying the D meson weight used in the charm templates on the
30-50% beauty-decay electron yield. . . . ... ... ... ... .. ...

Effects of varying the D° ratio corrections in the charm template on the
30-50% beauty-decay electron yield. . . . . .. ... ... ... .. ...

Effects of varying the DCA bin size and the DCA fit range in 30-50% on
the beauty-decay electron yield. . . . . . . ... ... ... ... ....

The fit results of the closure test compared to the true number of beauty
electrons. The black (red) points are from a closure test in which 50%
(60%) of the heavy-flavor electrons were from beauty decays. . . . . . . .

Left: The fit result/true number of beauty electrons for each of the closure
test trials. Right: The difference in the fit yield to the true beauty-decay
electron yield, divided by the fit parameter uncertainty. . . . . . . . . ..

The momentum distribution of beauty-decay electrons (red) and pp ref-
erence (green) in 0-10% central collisions (top) and 30-50% semi-central
collisions (bottom) from this thesis. The black distribution in 0-10% is the

beauty-decay electron yield measured using the TPC and TOF detectors.

The beauty-decay electron Raa in both 0-10% (green) and 30-50% (red)
centrality. . . . . . . ..

The beauty-decay electron Raa in 0-10% from this thesis (red) compared
with the beauty-decay electron Raa obtained using the TPC and TOF
detectors (blue). . . . . . ...

Comparison of the Raa from this thesis with the previous ALICE mea-
surement in 0-20% Pb-Pb collisions at /syy = 2.76 TeV [45]. . . . . . .

Comparison of the beauty-decay electron Raa with previous ALICE mea-
surements of heavy-flavor decay electrons [53]. . . . .. ... ... ...

Fraction of beauty-decay electrons divided by heavy-flavor decay electrons
(b/(b+c)) versus transverse momentum in pp collisions at /s = 5.02
TeV [80]. The red dashed lines are the FONLL model prediction and its
uncertainty band. . . .. ..o 0oL

Xvil

96

97

97

98

99

100

102

104

105

106

107



5.7 The DAB-MOD M&T [68] and Djordjevic model [66] predictions for charm-

2.8

2.9

5.10

5.11

and beauty-decay electron Raa. . . . . . . . . ..o

The PHSD [67] and Djordjevic model [66] predictions for heavy-flavor
decay and beauty-decay electron Raa. . . . . . . . . .. ... ... ...

The Raa of beauty-decay electrons compared with theoretical models:
Djordjevic [66], PHSD [67], MC@QsHQ+EPOS2 [69], DAB-MOD M&T
[68], and LIDO [70]. . . . . . . . . .

The elliptic flow vy of beauty-decay electrons measured in ALICE in 30-
50% Pb-Pb collisions [63, 65]. . . . . . . .. ... Lo

The Raa of beauty-decay electrons compared with LIDO [70]. The full
LIDO prediction with hadronization via fragmentation and coalescence is
in blue; the prediction with hadronization via fragmentation alone is in
OTANEZE. .« v o v e e e e e e

xviii



Chapter 1: Introduction

The Large Hadron Collider (LHC), located at the European Organization for Nuclear
Research (CERN), is the largest and most powerful particle accelerator in the world.
One of the four main experiments at the LHC is ALICE, A Large Ion Collider Ex-
periment. ALICE is specifically designed to study heavy ion collisions, with the goal
of understanding a unique state of matter known as the Quark-Gluon Plasma (QGP)
[1]. The QGP is a “soup” of deconfined quarks and gluons. Quarks and gluons are
fundamental particles that only appear in larger bound states in ordinary matter
(see Section 1.1). Evidence of the QGP was first found with CERN’s Super Proton
Synchrotron (SPS) [2] and confirmed in 2005 by experiments studying high-energy
heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) [3-6]. The AL-
ICE collaboration seeks to understand more about this state of matter by studying
the particles produced in heavy ion collisions, specifically in collisions of lead-on-lead
ions. ALICE also studies proton-on-proton (pp) and proton-on-lead (p-Pb) collisions.
The conditions produced in these collisions are not conducive to producing a quark-
gluon plasma, so they provide useful baseline measurements to understand particle
production in the absence of the QGP.

In this thesis in particular, the QGP is studied via measurements of beauty quarks.
Beauty quarks are the second heaviest quark with a mass of ~ 4.2 GeV/c? [7]. Due
to their high mass, they are created in the first moments of the collision via hard
scatterings of the partons (quarks and gluons) in the colliding lead nuclei. They then
experience the full evolution of the QGP medium, interacting with the other quarks
and gluons via elastic collisions and inelastic processes (bremsstrahlung-like gluon
radiation). In these interactions, beauty quarks lose energy, as discussed in further
detail in Section 1.5. After traversing the QGP, beauty quarks combine with other
quarks to form bound states known as hadrons. For example, a beauty anti-quark
can become bound with an up quark to form a BT. A selected number of beauty
hadrons and their quark content is listed in Table 1.1.

The beauty hadrons then undergo weak decays into final state particles that we
ultimately measure in our detectors. Many of these final state particles include elec-

trons; about 20% of beauty hadrons decay into states that include an electron (B—e).



Table 1.1: Quark content of beauty hadrons. Up, down, strange, and beauty are
abbreviated as u, d, s, and b respectively.

Hadron species Quark content

Bt u, b
RO 4. b
BY s, b
AD w, d, b

An example of a beauty hadron decay is shown in Figure 1.1. Because a large frac-
tion of beauty hadrons decay into electrons, it is experimentally convenient to study
beauty by measuring their decay electrons (“beauty-decay electrons”). Electrons are
easily identified using the ALICE detector, as they produce a clean signal in different
subdetectors (see Sections 2.2.2 and 2.2.3).

detectors

Figure 1.1: A schematic example of the hadronization and decay of a beauty quark
pair created in a heavy ion collision. The beauty quarks hadronize to BT and B~
which further decay and produce electrons, which are highlighted in yellow.

In this thesis, beauty-decay electron production as a function of momentum is
measured in Pb-Pb collisions at a center-of-mass per nucleon pair of \/syx = 5.02 TeV
with the ALICE detector. This yield can be compared with the beauty-decay electron
yield in pp collisions to see if the presence of the QGP modifies the momentum
distribution of beauty-decay electrons (see Section 1.6). If the beauty quark loses
energy via interactions with the QGP constituents, we can expect to see that the
momentum distribution of beauty-decay electrons in Pb-Pb collisions is shifted to
lower values when compared with pp collisions (where no QGP is produced). In
addition, this measurement can be compared with measurements of electrons from
charm decays to see if energy loss in the QGP has a mass-dependence. (The charm

quark is roughly a quarter of the mass of the beauty quark.)



This measurement is also performed for Pb-Pb collisions with different “central-
ities.” Centrality, discussed in greater detail in Section 2.2.4, provides information
about the impact parameter of the colliding lead nuclei and is correlated with the
size of the produced QGP. In this thesis, beauty-decay electrons are measured in
Pb-Pb collisions with 0-10% and 30-50% centrality. This corresponds to the most
head-on collisions and slightly off-center collisions respectively. Comparing these two
measurements will allow us to determine how the QGP size affects the beauty quark,
and whether it loses more energy in head-on collisions that form a larger and denser
QGP. Finally, the results can be compared with theoretical predictions to test our
current understanding of energy loss processes and the properties of the QGP.

This thesis is organized as follows. The remainder of this chapter gives necessary
background information about the fundamental forces and particles of our universe
and the experimental observables and predictions we use to extract physics informa-
tion. Chapter 2 provides a description of the LHC and the ALICE detector used
to measure heavy-ion collisions. Chapter 3 and 4 give the technical details of the
measurement and the associated systematic uncertainties. The final results and dis-
cussion are presented in Chapter 5. Finally, Chapter 6 summarizes the work and

provides an outlook of future beauty measurements.

1.1 Fundamental particles and forces

In the 8th century BCE, the Vedic sage Aruni conjectured that the world is com-
posed of particles too small to be seen by the naked eye. A few centuries later, Greek
philosophers Leucippus and Democritus esposed a similar theory of indivisible, fun-
damental particles [8]. It took scientists a few centuries to dig down to such small
scales, first with the discovery of the cell by Robert Hooke in the 17th century [9],
then with John Dalton’s observations that chemical elements combine in such a man-
ner that suggests they each have a fundamental unit of mass in the early 1800s [10].
After that, things moved relatively quickly (pardon the pun) to smaller and smaller
scales, revealing what may be some of the fundamental particles that compose our
universe.

As of today, we have observed a short list of fundamental particles (Figure 1.2)

which are governed by four forces: electromagnetism, the weak force, the strong force,



and gravity. With the exception of gravity, all these forces can be described by the
“Standard Model” of particle physics, which characterizes each force as an exchange
of gauge bosons (force carrier particles). For example, electromagnetism, which is no
doubt familiar to the reader, is mediated by photons, while the weak force is mediated
by W and Z bosons. The weak force and electromagnetism have been successfully
described together as different manifestations of the same phenomenon, known as
electroweak interactions. The strong force, whose force carrier particles are known as

gluons, is described by the theory known as Quantum Chromodynamics (QCD).

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Figure 1.2: The fundamental particles of the standard model.

The strong force is the main phenomenon of interest in this thesis, and acts on
particles with color charge. Color charge is an intrinsic property of certain particles
(i.e. quarks and gluons); the color charges are red, green, and blue and their anti-

charges anti-red, anti-green, and anti-blue!. Quarks carry a color charge, anti-quarks

IParticles with “color charge” are not colorful in the ordinary sense of the word. Though
twisted outside their original meaning, the words of Democritus apply here: “color [exists only] by
convention: in reality there is only atoms and void” [8].



carry an anti-color charge, and gluons carry both a color and anti-color charge. Since
gluons themselves have color charges, they can self-interact.

The strong force works to create larger color-neutral bound states. Examples of
a color-neutral state would be combining a red and anti-red quark to form a meson
or combining a red, green, and blue particle to create a baryon. This is somewhat
analogous to electromagnetism, which acts to combine positive and negative electric
charges to create a neutral overall electric charge. Unlike electromagnetism, however,
the effective coupling constant for a strong interaction, g, increases with increasing
distance. As a consequence, free quarks and gluons are not found in nature. Instead,
they are always bound into larger, color-neutral particles: a phenomenon known as
confinement.

This poses a problem for experimentalists hoping to study the physics of individual
quark and gluon interactions. If one were to attempt to pull apart the quarks bound
in a color neutral object, the energy needed to pull them apart would be enough to
create new quarks, as a quark and anti-quark pair, which would bind and create new
neutral bound states. An illustration of this process is given in the cartoon in Figure
1.3.

Proton Add energy to Enough energy to generate
remove quark a new quark pair;
Proton + Pion

Figure 1.3: Illustration of confinement.

1.2 Quark-Gluon Plasma

The theoretical explanation of confinement came in 1973, when Gross and Wilczek
and Politzer independently discovered the property of “asymptotic freedom” in QCD
[11, 12]. At short, sub-nucleon distances the effective strong coupling constant «y is
small. However, for interactions with low momentum transfer squared (Q?), corre-

sponding to large, nuclear, distances, oz becomes logarithmically large. This is due



to corrections for gluon vacuum polarization, which causes an anti-screening effect in
strong force interactions.

Shortly after this discovery, Collins and Perry [13] and Cabibbo and Parisi [14] in-
dependently proposed the existence of a new state of matter, arising as a consequence
of asymptotic freedom, in which quarks and gluons at high densities and tempera-
tures would be effectively free to interact as though they were unbound. This soup
of unbound quarks and gluons is called a Quark-Gluon Plasma (QGP), since it is
somewhat analogous to an electromagnetic plasma with color charge instead of elec-
tric charge. QCD calculations performed on a discretized lattice in space and time
(known as “lattice QCD”) predicts that the phase transition from ordinary nuclear
matter to a QGP requires energy densities above 0.5-1 GeV/fm® and temperatures
above 150-170 MeV [15-17] (see Figure 1.4). For reference, the energy density of the
nuclear ground state is only €y ~ 0.15 GeV/fm? [18].

16 1 |
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T, = (173 +/- 15) MeV
27 gc ~ 0.7 GeV/im® T [MeV] |
0

100 200 300 400 500 600

Figure 1.4: Lattice QCD calculations of energy density as a function of temperature
(at zero baryon density) [15]. The sharp turn around T = 170 MeV indicates a phase
transition.

In 1983, Bjorken proposed that the high energy densities required to produce a
QGP might be achieved in relativistic heavy-ion collisions [19]. Several signatures
of QGP formation were expected to be seen in subsequent experimental studies:

enhancement of strange quark production [20], the “melting” and suppression of J/v



due to color screening [21, 22], and the dissipation and energy loss of jets as they
traverse the QGP medium [23]. These QGP signatures were later found in heavy-ion
collisions (see, for example, [24-27]). In addition, theory predictions that modeled
the QGP as an ideal, equilibrated hydrodynamic fluid were successful in describing
the azimuthal distributions of produced particles (see Section 1.7) and the hadron
spectra and yield ratios [5]. This led to the conclusion that the QGP acts as a perfect
liquid.
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Figure 1.5: Phase diagram of hadronic matter. Collisions at the LHC are expected
to cover the area denoted by the green oval at low net baryon density but high
temperature. Image from Brookhaven National Laboratory.

Our current understanding of the behavior and phase of strongly-interacting
hadronic matter is illustrated in Figure 1.5, which shows a phase diagram of nu-

clear matter as a function of the baryon density (or proton and neutron density) and



temperature. At low density and temperature, quarks are confined in hadrons and

form a hadron gas. At high temperature and density, a phase transition occurs, and a
QGP is formed. Collisions at the LHC are expected to cover the area denoted by the
green oval at low net baryon density but high temperature. At low baryon density,
high temperatures above 1.7 x 10'2 K (150 MeV) are required for QGP formation
[16, 17]. (For reference, the center of our sun is only about 2.7 x 107 K [28].) In our

current understanding, the universe was composed of a QGP a couple microseconds

after the Big Bang. As the universe expanded and cooled, the quarks and gluons

underwent a phase transition into the bound states we see in ordinary matter today.

This is illustrated in Figure 1.6.

HISTORY OF THE UNIVERSE

Cosmic Microwave
Background radiation
Accelerators is visible

t=Time (seconds, years)

E = Energy of photons (units GeV = 1.6 x 10~1° joules)

Ke;

Structure
formation

Particle Data Group, LBNL © 2015

Figure 1.6: Expansion of the universe after the Big Bang.
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1.3 Heavy-ion collisions

Currently, the only way to achieve the conditions necessary to create a QGP in a lab-
oratory setting is by colliding together large ions at relativistic energies. (Here, “ions”
refer to atomic nuclei, fully stripped of their electrons.) At CERN and Brookhaven
National Lab (BNL), heavy ions are accelerated to energies ranging from GeV to
TeV beam energies. Depending on the center-of-mass energy of the collision, dif-
ferent sections of the hadronic phase diagram (Figure 1.5) can be investigated. In
these collisions, a fraction of the center-of-mass energy is dissipated into a system
of strongly interacting quarks and gluons; if the collision energy is high, a small
droplet of QGP is formed [29]. In high-energy heavy-ion collisions, we can achieve
high energy densities around 15-30 GeV/fm?, well above the estimated ~1 GeV /fm?
threshold required for QGP formation [29].

Heavy-ion collisions are often described as a series of subsequent stages [30]. First,
there are the initial conditions: two heavy ions (like Au or Pb), relativistically-
flattened in the lab frame, collide together. Since these ions are large, they may
not collide “head-on”; instead, they may have a non-zero impact parameter. Such
collisions would have a smaller overlap between the colliding nuclei, and parts of the
lead ions, known as spectators, would not participate in the collision, instead traveling

straight down the beam pipe. Such a collision is illustrated in Figure 1.7.

it participants

before collision after collision

Figure 1.7: Illustration of the spectators and participants in an off-center heavy-ion
collision. Image courtesy of the CERN Courier [31].

Many partons (quarks and gluons) are produced in the high-energy environment.

These partons rapidly interact via elastic and inelastic collisions, forming a QGP



medium. The QGP is often described as an equilibrated, zero-viscosity fluid due to
the success of ideal hydrodynamic models in reproducing azimuthal anisotropy mea-
surements (“elliptic flow”) [5, 32], discussed in Section 1.7. From ideal hydrodynamic
models, the QGP is estimated to reach thermal equilibrium around 0.3 fm/c after the
collision [33], and only lasts a few fm/c before the system has expanded and cooled
to a certain critical temperature 7,.. This expansion is caused by the large pressure
gradient between the surrounding vacuum and the QGP.

At T,, the partons start to become bound together into larger particles called
hadrons. (Hadrons that are composed of two quarks are known as mesons, while
hadrons with three quarks are known as baryons.) About 95% of the particles pro-
duced in heavy-ion collisions are hadrons (mostly pions) with pr < 2 GeV/c [1],
where pr is the component of momentum perpendicular to the beam-line axis (see
Figure 1.11). Hadronization can be described via two main mechanisms. The first is
fragmentation, in which quarks are produced via QCD processes in the strong color
field surrounding a free color charge. The newly produced quarks then bind with the
original quark. The second process is coalescence [34], in which quarks that are close
in phase space within the QGP are bound together. After formation, hadrons may
interact further, until a later “kinetic freeze-out,” at which point the particle density
is low enough that the hadrons can no longer interact. The hadrons then free-stream
unimpeded away from the collision site, perhaps undergoing further decay processes

and hitting detectors. An illustration of these stages is given in Figure 1.8.
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Figure 1.8: The stages of a heavy-ion collision. In this case, the incident nuclei are
Pb ions. Image adapted from S.A. Bass.

Given the short time scales of these processes, it is impossible to directly measure
the QGP. The physics of the QGP must instead be inferred from the decay particles
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that hit detectors well after the QGP has dissipated. In our case, electrons from
beauty-hadron decays, often referred to as “beauty-decay electrons” in this thesis,
are studied to glean information about the energy loss of beauty quarks as they
travel through the QGP.

1.4 Heavy-flavor probes

Beauty-decay electrons fall into the broader category of heavy-flavor studies in high-
energy nuclear physics. Here, “heavy-flavor” refers to charm and beauty quarks, since
they have large masses (m. ~ 1.3 GeV/c* and m;, ~ 4.2 GeV/c* versus m, =~ 2.2
MeV/c? and mq =~ 4.7 MeV/c?).

In general, heavy-flavor quarks make excellent probes of heavy-ion collisions. Be-
cause of their high mass, they are almost exclusively produced via hard parton-parton
scattering in the first moments of a heavy-ion collision (~ 0.1 fm/c), and their pro-
duction can be reliably calculated using pQCD [35]. They then experience the full
evolution of the collision while maintaining their flavor identity: a charm or beauty
quark will remain a charm or beauty quark for the duration of the QGP phase of the
collision (see Section 1.3), which exists for about 10 fm/c. Only after hadronization
do charm and beauty quarks undergo weak decays to lighter flavors. As they tra-
verse the QGP, heavy quarks interact with the partons of the QGP and lose energy
via elastic collisions and bremsstrahlung-like gluon radiation [1]. They then form
bound-state hadrons, forming D or B mesons for example, which consist of a charm

or beauty quark, respectively, and one of the light quarks (up, down, and strange):

Heavy-flavor hadronization
b — B*(ub), B~ (wb), B"(db), B’ (db), ...
¢ — D*(cd), D~ (ed), D°(ca), D' (cu), ...

The heavy-flavor hadrons decay into other particles before reaching detectors.
Some examples of decay processes are listed in Table 1.2, along with their branching
ratios. The branching ratio is the fraction of the hadron species that decay via a

particular mode. A full list of known decays and their measured branching ratios can
be found in Ref. [7].

11



Table 1.2: Decay modes and branching ratios of heavy-flavor hadrons [7].

Decay mode Branching ratio
DY — Ktn~ ~ 3.95%
DY — eTanything ~ 6.49%
Dt — K rntrgt ~ 9.38%
D+ — etsemileptonic ~ 16.07%
BY - D nt ~ 0.252%
BY = et X, ~ 10.1%
BY = JJYK* ~ 0.1%

Bt s ety X, ~ 10.8%

Experimentally, heavy-flavor particles are measured using two main approaches.
The first is to reconstruct heavy-flavor hadrons by measuring the products of one
of their decay modes. For example, the D* (cd) meson can be reconstructed via its
decay into K-7t7™ by calculating the invariant mass of combinations of kaons and
pions (7) and selecting combinations that give the mass of the mother Dt particle
[36]. The second approach is to measure the electrons or muons from heavy-flavor
decays.

Fully reconstructing beauty hadrons is challenging in heavy-ion collisions. Decay
modes with large branching ratios and better statistics often contain many final state
particles, making them difficult to reconstruct in the high multiplicity (large particle
production) environment. To date, the only beauty hadron that has been measured
via reconstruction in heavy-ion collisions is the B (ub) meson [37], measured via its
decay into KT and J/v, which itself further decays into an electron-positron pair.
This decay channel Bt —K*J/¢¥(— eTe™) has a small branching ratio of about
0.006%.

On the other hand, beauty hadron decays that produce an electron have large
branching ratios. About 10% of beauty hadrons decay directly into electrons (b—e),
and ~10% decay into charm hadrons, which can further decay into electrons (b—c—e).
This makes it advantageous to study beauty by measuring beauty-decay electrons.
The combination of the large branching ratio and the electron identification capa-
bilities of the ALICE detector (Chapter 2) gives a large, clean signal that allows for
differential measurements with good significance. The disadvantage of this method
is that it is not as direct; the correlation between the properties of the decay electron

and the original beauty quark is fairly broad.
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In this thesis, we take this second approach and study the behavior of beauty
quarks in heavy-ion collisions by measuring the electrons from beauty hadron decays
as a proxy. In particular, we hope to learn more about the interactions and energy loss
of the beauty quark by measuring the nuclear modification factor (Raa)), discussed
in Section 1.6. Section 1.7 describes the complementary measurement vs, also known
as elliptic flow, which contains information about the azimuthal anisotropy of particle

production.

1.5 Energy loss in the QGP

One of the signatures of the formation of a QGP in heavy-ion collisions is the energy
loss of “hard probes,” particles with a large transverse momentum and/or mass that
are produced in the first moments of a heavy-ion collision via hard scatterings of
the partons in the colliding nuclei. Included in this category are high-momentum
pions (composed of up and down quarks) and heavy-flavor particles, discussed in
Section 1.4. These particles can be used as internal probes, traveling through the
QGP medium created in a heavy ion collision. This is illustrated on the left of Figure
1.9, where a pair of generated quarks (red arrows) is depicted traveling through the
QGP medium created by the collision of two heavy ions (blue ellipses). As they
travel, the quarks lose energy to the dense partonic medium. In general, this energy
loss is determined by the characteristics of the quark (energy E and mass m), the
properties of the QGP (temperature 7' and thickness L), and the strength of the
interaction coupling between the quark and the medium «: AE(E, m, T, L, «) [1].

The total energy loss of a quark traveling through the QGP is due to both colli-
sional and radiative processes [1]. The collisional energy loss is due to elastic scat-
terings with the QGP parton constituents, while the radiative energy loss is due to
gluon bremsstrahlung processes. Example diagrams of these processes are shown in
the middle and right of Figure 1.9.

The amount of energy loss expected from these processes depends on the particle
traveling through the medium. First, gluons are expected to lose more energy than
quarks. Since gluons have two color charges, they have a stronger color coupling to
the medium and are more likely to lose energy. This would also have an effect on light

quark production; since gluon pair-production is more likely to produce light-flavor
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Figure 1.9: Left: an illustration of how quarks travel through the QGP, acting as
internal probes of the collision system. Middle and right: Diagrams of collisional and

radiative energy loss processes respectively of a quark with energy E as it travels
through the QGP. Adapted from [1].

quarks, gluon energy loss might result in the production of lower-energy light-flavor
quarks.

Second, the energy loss is expected to be mass-dependent. Collisional energy loss
has less of an effect on heavier objects (imagine a bowling ball traveling through ping-
pong balls). Energy loss via gluon bremsstrahlung is also dependent on the mass of
the quark. This is known as the “dead cone effect” [38]: gluon radiation is suppressed
within the opening angle 6, which is dependent on the ratio of the quark’s mass and
energy M,/E,. The dead cone effect is illustrated in Figure 1.10. Since heavy-flavor
quarks have a larger mass, they would have a larger “dead cone” and therefore lose

less energy via radiation.

* g
heavier quarks

bigger Ma/Eq
bigger dead cone angle

Figure 1.10: Tllustration of the dead cone effect.

With the color- and mass-dependent effects in mind, it is expected that gluons

would lose the most energy in the QGP, followed by the light quarks (u,d,s), charm
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quarks, and beauty quarks in that order:

AEgyon > AE, 45 > AE. > AL, (1.1)

1.6 Nuclear modification factor

One of the experimental observables used to gain information about energy loss in
the QGP phase of heavy-ion collisions is called the nuclear modification factor, or
Raan. The Raa compares the momentum distribution of a specific particle in heavy
ion collisions (A-A) with the momentum distribution of that same particle in proton-

on-proton (pp) collisions:

Raa = dNAA/de _ dNAA/de (1 2)
(Neon) - dNpp/dpr — (Tan) - doyy/dpr '

Here, pr is the transverse momentum of the particle, i.e. the component of momen-
tum perpendicular to the heavy-ion beam axis, pr = /p2 + p? (see Figure 1.11).

dNaa/dpr is the pr-differential yield of a certain particle in heavy-ion collisions and

dNpp/dpr is the pr-differential yield of the same particle in pp collisions.

The (Neopn) term is the average number of binary nucleon-nucleon collisions in a
heavy ion collision. This value is dependent on the geometry and impact parameter of
the collision, since off-center collisions like the one in Figure 1.7 would have a smaller
Neon. It is more common to express the N, as the product of the nuclear thickness
function Ty, which characterizes the density in the overlap region of the incident
nuclei for a given impact parameter, and the inelastic cross section for pp collisions
o2 Neon = Tan -0l The Ty is estimated using the Glauber model [39-41], which
is discussed in more detail in Section 2.2.4.1.

If the Raa = 1, this would indicate that a particle’s production, on average, is
the same in a heavy-ion collision as it would be in a superposition of pp collisions.
If, however, the Raa deviates from one, the particle’s momentum distribution has
been altered by nuclear matter effects. The principle effect of interest in this thesis
is the modification of the momentum spectrum due to quark energy loss in the QGP,
discussed in Section 1.5. However, this must be disentangled from other phenomenon

known as cold nuclear matter (CNM) effects, detailed in the following Section 1.6.1.
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Figure 1.11: The coordinate system used to define the transverse (xy) plane. The
heavy-ion beams run parallel to the z-axis.

1.6.1 Cold nuclear matter effects and R,

There are several phenomena unrelated to the presence of a QGP that might influence
the nuclear modification factor of a given particle. These are referred to as “cold nu-
clear matter” (CNM) effects, and need to be understood and separated from the QGP
effects we wish to study. The CNM effects include 1) the modification of the nucleon
parton distribution functions in heavy nuclei, 2) interactions among the incoming
parent partons when the nuclei penetrate each other, but before the production of
the daughter quark of interest, and 3) interactions with the passing-by remnants of
the colliding nuclei [35]. For example, a quark can undergo multiple interactions with
cold nuclear matter, via coherent and incoherent scattering processes [42]. The size
of such effects on the Rap are studied using collisions of protons with heavy ions (p-A
collisions), where we assume the “hot” nuclear matter effects are small or negligible.
To test this, one can calculate the R, calculated in the same manner as Raa by
comparing the momentum distribution in p-A collisions with the scaled momentum
distribution in pp collisions.

The left panel of Figure 1.12 shows the R, py, i.e. the nuclear modification factor
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in proton-lead collisions, of D mesons measured with ALICE [43]. The measurement
is consistent with one within the uncertainties of the measurement, signaling that
the CNM effects have a negligible effect on the momentum distribution of D mesons.
This is consistent with several model predictions, also shown in Figure 1.12, which
include CNM effects. The prediction by Kang et al. [44] has a different trend w.r.t.
the other predictions, and primarily focuses on the effects of incoherent scattering
processes of the charm quark with the cold nuclear medium. This model is excluded
by the data for pyr < 4 GeV /¢, indicating that perhaps the effect of these scattering
processes is overestimated by the model for D mesons in this kinematic range.
Measurements of both heavy-flavor mesons and decay leptons in p-A collisions
have also shown that CNM effects are small [35]. For example, the R,p; of beauty-
decay electrons [45], the particles of interest in this thesis, is shown in the right panel
of Figure 1.12. There, the R,p}, is consistent with unity within the uncertainty of the
measurement. Similar to the D meson measurement, the beauty-decay electron Rppy,

is consistent with model predictions that include CNM effects.
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Figure 1.12: The R,py, of D mesons [43] and beauty-decay electrons [45] in /sy =

5.02 TeV p-Pb collisions measured with ALICE versus model predictions that include
CNM effects.
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1.6.2 Energy loss in the QGP and Raj

As discussed in Section 1.5, it is expected that the amount of energy lost by quarks
as they traverse the QGP depends on their flavor and mass. These expectations of
energy loss in the QGP can be tested using the Raa observable. If quarks lose energy
in the QGP, their momenta will be shifted to lower values from the energy loss. This
would result in an Rap < 1, since the pr-dependent production in heavy-ion collisions
would be suppressed with respect to pp collisions. Particles with more suppression

due to the QGP medium would have a smaller R5. Thus, it is expected that:

AEgluon > AE%d’S > AEC > AEb

u,d,s c b (13)
Ryy" < Ry < Rpp

This flavor and mass ordering can be tested by comparing the Ras of light-
flavor hadrons (like pions) with heavy-flavor particles. An example is shown in the
left panel of Figure 1.13, where Raa of pions and charged particles (largely from
light quarks) is compared with the D meson Ras (which contains charm). Both
of these measurements were performed with ALICE in head-on Pb-Pb collisions at
Vsnn = 5.02 TeV. It is clear that the D meson Ra, is higher than the pion Raa in
the range pr < 10 GeV/c. This supports the hypothesis that light quarks lose more
energy in the QGP than charm quarks.

However, due to different production processes for charm and light quarks, the
comparison of the two Raa distributions is not straightforward. A better comparison
to study the mass-dependence of energy loss is with charm and beauty, since both
are produced via the same hard-scattering processes. Such a comparison is shown in
the right panel of Figure 1.13. There, the beauty-decay electron (b—e) and heavy-
flavor decay electron (c+b—e) Raa measured using the ALICE detector in Pb-Pb
collisions at /syx = 2.76 TeV is shown. In the region of overlap between the two
measurements (3 < pr < 8 GeV/c), the beauty-decay electrons are less suppressed
than the electrons from charm- and beauty- decays combined, consistent with the
expectation that the beauty quark loses less energy than charm due to its higher

mass.
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Figure 1.13: Left: The Raa of D mesons (black), pions, (red), and charged particles
(green) measured with the ALICE detector in 0-10% Pb-Pb collisions at /syy = 5.02
TeV [36, 46]. Right: The Raa of beauty-decay electrons (red) and heavy-flavor decay
electrons (from both charm and beauty) measured with the ALICE detector in 0-20%
Pb-Pb collisions at /syny = 2.76 TeV [45, 47].

1.6.2.1 Centrality and Raa

Heavy ions are extended objects, and may collide with a non-zero impact parameter b.
In other words, heavy-ion collisions can range from being “head-on” to very glancing
(see Figure 1.7 for an example of an off-center collision). Head-on collisions have a
larger interaction region, forming a larger QGP. Therefore, separating collisions based
on their impact parameter would be useful in order to study the effects of different
QGP system sizes on experimental observables.

In experiment, it is not possible to directly measure the impact parameter of
a given heavy-ion collision. Instead, the collisions are classified according to their
“centrality.” Centrality is discussed in more detail in Section 2.2.4.1, and is a proxy
measurement for the impact parameter. For example, the most head-on collisions
with small impact parameters are called “central” collisions and would belong in the
0-10% centrality class. More off-center collisions (“semi-central”) would have a higher

centrality of around 30-50%. Finally, glancing collisions (“peripheral”) would have
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very high centralities in the 60-100% range.

The R is expected to have a centrality dependence, since the larger QGP formed
in more head-on collisions would correspond to an increased path length for particles
traversing the QGP. This would lead to increased energy loss and a lower Rax. For
example, such a trend is seen in the ALICE measurement of D mesons in Pb-Pb
collisions with different centralities (Figure 1.14). The 0-10% measurement of the
most head-on collisions has the lowest R4, while the more peripheral collisions with
60-80% centrality have the highest.
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Figure 1.14: The Raa of D mesons measured with the ALICE detector in Pb-Pb
collisions with different centralities at \/syy = 5.02 TeV [36].

1.6.2.2 Beauty Raa

Several measurements of the Raa of beauty hadrons and decay particles have been
conducted thus far. For example, Figure 1.15 shows the B* meson Rxa measured by
the CMS collaboration in /sy = 5.02 TeV Pb-Pb collisions [37]. This measurement
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includes the full information of the beauty and light quark pair that makes up the

B* meson, and shows a suppression of about a factor of two.
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Figure 1.15: Nuclear modification factor of B*, measured by the CMS collaboration
in Pb-Pb collisions [37].

Beauty energy loss in heavy-ion collisions has also been studied via beauty-hadron
decay particles. This includes the Raa of non-prompt J/1 [48, 49], non-prompt D°
[50], and of electrons from beauty-hadron decays [45, 51, 52]. (Here, “non-prompt”
refers to particles produced from beauty hadron decays.) In addition, measurements
of muons and electrons from both charm and beauty decays (“heavy-flavor leptons”)
[47, 53, 54] can give some hint at the energy loss of the beauty quark, though it
is combined with information about charm. Each of these measurements show an
Raa < 1, compounding the evidence that beauty quarks do indeed lose energy in the
QGP. We can further compare these beauty measurements with the Ras of charm-
decay particles to see if our expectations of the mass-dependence of energy loss in the
QGP are supported. For example, one can compare the Raa of electrons from beauty-
hadron decays to that of electrons from both charm- and beauty-decays (“heavy-flavor
electrons”). This comparison is shown in Figure 1.13, and was discussed in Section
1.5.
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Though the work done thus far to measure the beauty Raa has been extensive,
there are still questions that need to be answered and gaps in the current measure-
ments that need to be filled. For example, the CMS measurements of the B¥ meson
[37] and non-prompt J/v [49] do not extend lower than pr ~ 7 GeV/c. It is impor-
tant to extend to lower momentum, as we expect the mass-dependence of energy loss
to be more apparent in that regime [55].

Measurements of beauty-decay electrons have been performed at low transverse
momenta by STAR [51] and PHENIX [52] down to 3 GeV/c and by ALICE down
to 1 GeV/c [45]. However, these measurements do not extend to high momentum,
stopping at 8 GeV/c. In addition, these beauty-decay electron measurements have
not yet been fully studied as a function of centrality; the STAR and PHENIX mea-
surements combined collisions with 0-80% centrality, and the ALICE measurement,
was only for central collisions with 0-20% centrality.

In this thesis, the measurement of beauty-decay electrons with the ALICE de-
tector will be extended to a transverse momentum of 26 GeV/c. In addition, the
measurement will be repeated for collisions with different centralities to see if the
nuclear modification factor is affected if we choose more off-center collisions where
one expects a smaller QGP medium to be produced. Finally, the measurement will
be at a higher center of mass energy per nucleon pair /syy than the previous AL-
ICE measurement (5.02 TeV versus 2.76 TeV). This will allow us to build on previous
beauty-decay electron measurements and see if the expected trends extend to different

momenta, centralities, and collision energies.

1.7 Azimuthal anisotropy

As mentioned briefly in Section 1.6.2.1, off-center collisions are used to understand
the effects of varying the QGP size. These collisions are also used to vary the shape of
the overlap region between the colliding nuclei. In off-center collisions, this region is
almond-shaped as shown in Figure 1.16, introducing spatial anisotropy to the initial
conditions of QGP formation. If the matter produced in the overlap region between
the two nuclei is a strongly-interacting macroscopic medium, the spatial anisotropy
will result in a pressure anisotropy due to the interaction of the medium constituents

[56]. The resulting pressure gradient would create a spatial deformation in the dis-
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dN/d ¢

Figure 1.16: Left: Illustration of an off-center collision in the transverse plane. Right:
Example azimuthal distribution of particles produced in an off-center collision. Im-
ages from [1].

tribution of produced particles; more particles tend to come from the short axis of
the almond due to the increased pressure compared to the long axis. This is illus-
trated on the right in Figure 1.16, where the larger arrows indicate increased particle
production along the short axis of the almond.

It is common to measure the azimuthal distribution of produced particles in terms

of a Fourier series?:

N
dN/d¢ = %[1 + 2v1c08¢ + 2v9c082¢ + - - ]

U = (cosn(¢))

(1.4)

where ¢ is the azimuthal angle and v,, are the Fourier coefficients of the harmonics.

The largest coefficient measured in heavy-ion collisions is vy, or “elliptic flow” [57],
which characterizes the ellipticity of the produced particle distribution. Historically,
one of the earliest signatures of QGP formation in heavy-ion collisions was the elliptic
flow of low-momentum pions (pr < 2 GeV/c) at RHIC [5, 58]. These pions account
for about 95% of the produced particles, and can be assumed to originate from the
sea of light particles that principally compose the QGP [58]. The measured vy was
well-described by hydrodynamic models, which indicated that the material produced

2Here, it is assumed that the impact parameter of the collision coincides with the x-axis as in
Figure 1.16. If the impact parameter is rotated w.r.t the x-axis by angle Urp, the Fourier coefficients
take the form v,, = (cosn(¢ — Urp)).
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in heavy-ion collisions thermalizes at very short time scales (< 1 fm/c), evolves in
accordance with the laws of hydrodynamics, and behaves as a perfect fluid with a
small shear viscosity close to the quantum limit.

It is also interesting to study the v, of heavy-flavor particles, which helps constrain
the parameters of theoretical models. For example, model comparisons with the D
meson vy measured in Pb-Pb collisions with ALICE (Figure 1.17) indicate that the
heavy-quark spatial diffusion coefficient Dy near the critical temperature for QGP
formation lies in the range 27T D; = 2 — 4 (see Ref. [35] for a complete discussion).

Figure 1.17 shows the vy of D mesons and beauty-decay electrons measured with
the ALICE detector in Pb-Pb collisions at /sy = 5.02 TeV. The D mesons have
a non-zero vo in the range 2 < pr < 8 GeV/¢, indicating that they participate in
the collective behavior of the medium, consistent with the models, despite their large
mass [59]. At higher momentum, the positive vq is a consequence of the path-length
dependence of the charm quark energy loss [60-62]; the particles traveling along the
shorter axis of the almond would experience less suppression than those traveling
through the long axis.

To understand the interplay of these effects on the beauty quark, the elliptic
flow of electrons from beauty-hadron decays was measured in off-center collisions
(30-50% centrality) in Pb-Pb collisions at y/syy = 5.02 TeV with ALICE [63] (right
panel of Figure 1.17). There it was seen that the elliptic flow of the beauty elec-
trons was greater than zero, with a significance of 3.750. To help understand the
degree to which the non-zero positive vy is due to the thermalization of the beauty
quark, the measurement was compared with various models. The transport models
MC@sHQ+EPOS2, PHSD, and LIDO employ different methods of describing the
interactions of beauty quarks with a hydrodynamically expanding medium; all agree
with the measurement within experimental uncertainties. The details of these mod-
els are discussed in further detail in Section 1.8. The elliptic blast wave model [64],
however, agrees with the data for pr < 2 GeV/c but then diverges to higher values
for higher momentum. The elliptic blast wave model generates momentum spectra
assuming the beauty particles radiate from a purely thermal source. In this case,
the thermal source was assumed to be elliptic in shape, and the resulting particle
production in and out of the reaction plane was compared to generate a prediction
for the vy. This model, unlike the others, treats the beauty quark as if it is fully

thermalized with the QGP medium. The electrons shown in this model come mainly
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from beauty hadrons below pr = 10 GeV /¢, suggesting that the beauty quark does

not fully thermalize in this momentum range.
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Figure 1.17: The elliptic flow vy of D mesons (left) and beauty-decay electrons (right)
measured in ALICE in 30-50% Pb-Pb collisions [63, 65].

1.8 Theoretical models

Heavy-ion collisions are complex systems with multiple stages that must be accounted
for in theoretical predictions before comparing with data. For instance, one must con-
sider the initial conditions (how to treat the incident partons in the lead atoms), the
particle generation mechanisms, the parton interactions, the thermodynamic proper-
ties of the QGP, the evolution of the QGP, hadronization mechanisms, and hadron
interactions. In light of this, it comes as no surprise that there are multiple theoretical
models to generate predictions for heavy-ion collisions. Predictions from the following
models are compared with the beauty-decay electron results in Pb-Pb collisions pre-
sented in this thesis: Djordjevic [66], PHSD [67], DAB-MOD [68], MC@sHQ+EPOS2
[69], and LIDO [70]. An additional model, FONLL [71, 72], is used to generate pre-
dictions for pp collisions.

The PHSD, DAB-MOD, MC@sHQ+EPOS2, and LIDO models are based on

heavy-quark transport, i.e. the heavy quarks are embedded in a medium and then
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propagated using the Boltzmann or Langevin equations. The medium is generally
modeled by a separate framework; in DAB-MOD, MC@sHQ-+EPOS2, and LIDO,
the QGP medium features a hydrodynamic evolution and is generated on an event-
by-event basis to include variations in the initial state. In the case of PHSD, the
medium is also modeled on an event-by-event basis using a microscopic dynamical
quasiparticle model (DQPM) [73, 74]. These four transport models all include colli-
sional and radiative energy loss with the exception of PHSD, in which the radiative
process is suppressed due to the large gluon mass in DQPM [75]. However, the PHSD
calculations do not extend higher than pr = 17 GeV /¢, where the radiative energy
loss is expected to dominate. The PHSD, MC@QsHQ+EPOS2, and LIDO models in-
clude hadronization via both fragmentation and coalescence (see Section 1.3), while
DAB-MOD only includes hadronization via fragmentation in the predictions included
in this thesis.

The Djordjevic model is based on pQCD calculations of high-momentum parton
energy loss, including both collisional and radiative processes. The QCD medium
evolution is modeled using a hydrodynamical 1+1D Bjorken expansion [19], which
includes a simple analytical form of temperature dependence. The Djordjevic pre-
dictions shown in this thesis are available only for pr > 4 GeV/c because the quark
hadronization occurs through fragmentation only. At lower momentum, the coales-
cence processes are expected to have a greater effect [76].

The table in Figure 1.18 provides an overview of the basic processes considered
by each model. A short description of the different models is provided in Sections
1.8.1-1.8.6 along with further references for interested readers. The model comparison
of the beauty-decay electron Raa measured in this thesis will be discussed in further
detail in Section 5.2.3.

1.8.1 FONLL model

The “Fixed-Order plus Next-to-Leading Log” (FONLL) framework [71, 72] is used to
calculate heavy-flavor cross-sections in pp collisions. In FONLL calculations, the per-
turbative expansion of the cross-section combines terms from a fixed, next-to-leading
order approach and a resummation of the next-to-leading logarithm terms (i.e. terms
of order allog"(pr/m) and allog” *(pr/m)). This perturbative QCD (pQCD) cross-

section for heavy quarks is then convoluted with a fragmentation function (DgF, Ho)
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Energy loss Hadronization

Model Medium Description
Collisional Radiative Fragmentation Coalescence

Finite-size hydro. medium with
Djordjevic v v v T-dependence and dynamic
scattering centers

PHSD v v W Dynamical quaswpamgle model
(no hydrodynamics)

Event-by-event viscous
EEEHA v v v hydrodynamic evolution

MC@sHQ+

Event-by-event ideal
EPOS2 v v v v

hydrodynamic evolution

v W, v v Event-by-event viscous

Hee hydrodynamic evolution

Figure 1.18: Overview of the theoretical models that provide predictions of beauty-
decay electrons in Pb-Pb collisions.

and decay function (gze;‘ig) to obtain predictions for leptons from heavy-flavor hadron

decays (Equation 1.5). The fragmentation function parameters are determined from

e+e- collision data, and the decay functions are also taken from experimental data.

O — o & DI, 1, @ g, (15

The uncertainty band includes variations of the renormalization and factorization
scales, variations of the heavy quark mass, and the uncertainty from the parton
distribution functions.

The FONLL calculations have successfully reproduced many experimental results,
including the pr-differential cross section of B* mesons measured by CMS in 13 TeV
pp collsions [77], and the non-prompt D meson (B—D) spectrum measured by ALICE
in 5 TeV pp collisions [78]. It is also in good agreement with ALICE measurements
of beauty-decay electrons in pp collisions at 2.76, 5.02, and 7 TeV [79-81]. The 5.02
TeV pp measurement, used in this thesis as a pp reference for the Raa, is compared
with FONLL predictions in Figure 1.19. Because of its reliable agreement with pp
results, FONLL is used in this analysis to extend the pp reference measurement to
higher momenta, where no experimental data is yet available (discussed in further
detail in Section 3.7). It is also used to set the initial momentum distributions of

heavy quarks in a few of the models detailed in the rest of this section.
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Figure 1.19: The cross section of electrons from beauty-hadron decays measured in
ALICE in pp collisions at /syny = 5.02 TeV [80].

1.8.2 Djordjevic model

The “Djordjevic” model, developed by Magdalena Djordjevic and her collaborators
[66, 82|, is used to describe heavy-flavor Raa in heavy-ion collisions. This framework
incorporates a finite-size, dynamical QCD medium with running coupling, and has
no free parameters in its model testing. The model uses a pQCD convolution similar

to Equation 1.5 to calculate the spectrum of quenched heavy-flavor particles:

Eid’oc  Ed’0(Q)
dpt — dp}

®P(Ei —>Ef)®D<Q — HQ)@f(HQ %6) (16)

where the subscripts ¢ and f refer to “initial” and “final” respectively. The initial
spectrum % is extracted from FONLL calculations, and the decay function of

hadrons to electrons f(Hg — e) is obtained using the same method as FONLL [71,
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83]. The KLP fragmentation function [84] is used for the hadronization to B mesons,
denoted D(Q) — Hg). The energy loss probability, P(E£; — Ey), includes both ra-
diative and collisional energy loss in a finite-size medium with dynamic (i.e. moving)
scattering centers. The evolution of the QCD medium is modeled using an ideal hy-
drodynamical 141D Bjorken expansion [19], which includes a simple analytical form
of temperature dependence. This is in contrast to some of the other models dis-
cussed in this thesis, which use more complex QGP evolution frameworks. However,
this model has been successful in predicting heavy-flavor Ry, measurements above

pr =5 GeV/c. (See, for example, measurements of D meson Raa in ALICE [36].)

1.8.3 PHSD model

The Parton-Hadron-String Dynamics (PHSD) transport approach [67] can be used
for predictions of both Raa and vy in heavy-ion collisions. In this approach, the
beauty quarks are generated using the PYTHIA event generator [85], tuned such
that the beauty quarks’ rapidity and transverse momentum distribution matches
that of FONLL. The beauty quarks are then elastically scattering (via the relativistic
Langevin equation) in the QGP medium, modeled using a dynamical quasiparticle
model (DQPM) [73, 74]. In DQPM, the light quarks and gluons are off-shell and have
temperature-dependent effective masses and widths given by thermal quantum field
theory. The beauty quarks are taken to have fixed mass and no width (on-shell). Tt
was found that including the additional off-shell effect was negligible [86, 87].

With time, the deconfined partonic medium expands and the energy density de-
creases. Once the local energy density is less than 0.5 GeV/fm3, the quarks are
hadronized either through coalescence or fragmentation. First, all combinations of
beauty quarks and light antiquarks (and antibeauty and light quarks) are taken, and

the probability of the pairs forming a B or B* meson (via coalescence) is given by

8g p’
f(p.ky) = =" exp {—ﬁ - kzéz] (1.7)
where g); is the meson’s degeneracy and
1 mok; — mik
L _ ple 1Ko 18
P \/§(T1 r2) ? my + mo (18)
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with m;, p;, and k; being the mass, position, and momentum of the quark or antiquark
1. The parameter 0 is related to the root mean square of the radius of the produced B
meson ((r?) = %%52). Whether the beauty quark then hadronizes via coalescence
is decided by Monte Carlo, using the calculated probability. If it is not hadronized
via coalescence, the beauty quark instead hadronizes via fragmentation by emitting
soft gluons.

Though this model includes energy loss through elastic scattering of the beauty
quarks in the QGP as well as hadronic rescattering, it does not take into account
radiative energy loss by the beauty quark, which becomes more dominant at high-pr.
However, comparisons of PHSD predictions with the D meson Rxs measured in 2.76
TeV Pb-Pb collisions in ALICE show that the collisional energy loss alone is sufficient

to match data up to pr = 15 GeV/c [88, 89].

1.8.4 DAB-MOD model

The D-And-B MODular simulation code, DAB-MOD [68, 90|, embeds heavy-quark
energy loss models in event-by-event viscous hydrodynamic backgrounds to study
both Raa and v, of heavy-flavor particles. These backgrounds are generated by v-
USPhydro [91] with set viscosity 77/s = 0.05. The initial momentum distribution of
the heavy-flavor quarks are set using FONLL calculations, with randomized initial di-
rection. The heavy quarks are then propagated via the relativistic Langevin equation

(Brownian motion dynamics) with isotropic diffusion coefficients:

dp = —T(p)pdt + Vdt/rp (1.9)

Here, I' is the drag coefficient, x is the momentum space diffusion coefficient (as-
sumed to be independent of the heavy-quark momentum p), and 7'is the fluctuating
force described classically as a white noise. The diffusion coefficients are related by
k = 2ETT = 2T?/D, where D is the spatial diffusion coefficient whose parametriza-

tion is taken from Moore and Teaney [92]:

D = kner/(27T) (1.10)
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where kygr is a free parameter. The heavy quarks are propagated until they reach a
cell where the temperature T is less than the decoupling temperature. The decoupling
temperature is varied between 120 and 160 MeV to obtain the uncertainty band on
the model. Finally, the quarks are hadronized using the Peterson fragmentation
function [93]. Though the model has been recently updated to add hadronization via

coalescence [90], the results shown here only include hadronization via fragmentation.

1.8.5 MC@sHQ-+EPOS2 model

The MC@sHQ+EPOS2 model [69] combines an energy loss model for heavy quarks
(MC@sHQ) with EPOS2 [94], which gives the initial conditions of the QGP and
describes its further 3-+1d ideal hydrodynamical evolution. EPOS2 models the initial
hard scatterings of the partons in the colliding nuclei and exchanges of parton ladders
as “flux tubes”, which break to form quark and anti-quark pairs. This is calculated on
an event-by-event basis, giving fluctuating initial conditions for the QGP bulk. The
heavy quarks are placed randomly at the original nucleon-nucleon scattering points
and in keeping with their pr distribution calculated from FONLL.

The bulk matter extracted from EPOS2 is evolved using a parametrization of
the lattice QCD equation of state, while the heavy quarks are propagated using the
Boltzmann equation. The heavy quarks scatter with the thermalized partons in the
QGP according to the local temperature and velocity fields. The elastic cross-sections
are obtained from pQCD matrix elements using the Born approximation and include
a running coupling. Once the heavy quarks reach 7. = 155 MeV, they hadronize via

coalescence (primarily for low-pr quarks) and fragmentation.

1.8.6 LIDO model

The linearized Boltzmann with diffusion model (LIDO) [70] uses a hybrid approach
to describe the interactions of heavy quarks with the QGP medium. The discrete
hard scatterings of the heavy quarks with medium partons is described via linearized
Boltzmann transport with matrix elements calculated in pQCD. Between the hard
scatterings, the Langevin equation with empirically-derived transport coefficients is
used to propagate the heavy quarks through the medium. This effectively captures

the soft, non-perturbative parts of the interactions. The transport coefficients are
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calibrated to D and B meson data at the LHC using a Bayesian analysis [95], which
calculates the posterior distribution of the parameters of the model that reproduce
the experimental data. This approach takes into account the uncertainties of the
experimental measurements.

This transport model is coupled to a 2+41d event-by-event viscous hydrodynamic
description of the medium evolution with a lattice equation of state [17, 96]. The ini-
tial conditions are also generated on an event-by-event basis using the Reduced Thick-
ness Event-by-event Nuclear Topology model (TRENTo) [97]. The heavy quarks
themselves are placed according to the TR ENTo binary collision density (i.e. in “hot
spots” of the underlying event), and their initial momenta are sampled from FONLL
calculations. At T, = 154 MeV, the heavy quarks are hadronized via fragmenta-
tion and coalescence using the ultrarelativistic quantum molecular dynamics model
(UrQMD) [98, 99].
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Chapter 2: Experimental Set-up

The data in this thesis was collected using the ALICE detector at the LHC. This
chapter contains an overview of these facilities and the ALICE apparatus, in some
cases summarizing the basic particle and collision information we can gain from the

sub-detectors.

2.1 The Large Hadron Collider

The heavy-ion collisions used in this thesis are generated by the Large Hadron Collider
(LHC) [100, 101], located on the border of France and Switzerland near Geneva. The
LHC is the largest and most powerful particle accelerator in the world, and is part of
the accelerator complex at CERN, the European Organization for Nuclear Research.
The circular collider is located in underground tunnels, which lie between 50 and 175
meters beneath the surface and have an inner diameter of 3.7 meters. Inside these
tunnels are two high-energy particle beams, which travel in opposite directions in two
separate beam pipes kept at ultra-high vacuum. Superconducting magnets guide the
particles: 1232 dipole magnets bend the beams around the ring, and 392 quadrapole
magnets focus the beams. The beams are forced to collide at four intersection points
along the accelerator, where different experiments collect data (see Figure 2.1).

The LHC mainly generates three collision systems: proton-proton, proton-lead,
and lead-lead collisions. (In 2017, there was also a successful test run of xenon-xenon
collisions [103].) The atoms in these collisions are fully stripped of their electrons and
accelerated via other accelerators in the CERN complex before being injected into
the LHC. At present, the highest center of mass energies achieved for pp collisions
is /s = 13 TeV, and the highest center of mass per nucleon pair in Pb-Pb collisions
has been /sxy = 5.02 TeV.

Seven experiments have taken data at the LHC: ALICE (A Large Ion Collider
Experiment) [104], ATLAS (A Toroidal LHC ApparatuS) [105], CMS (Compact Mass
Solenoid) [106], LHCb (Large Hadron Collider beauty) [107], LHCf (Large Hadron
Collider forward) [108], MoEDAL (Monopole and Exotics Detector At the LHC)
[109], and TOTEM (TOTal Elastic and diffractive cross section Measurement) [110].
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Figure 2.1: Diagram of the LHC. llustration by Phillipe Mouche, from BBC News
[102].

The ALICE detector was used to collect the data in this thesis and will be discussed
in greater detail in the next section. The ATLAS and CMS experiments are large,
general-purpose detectors that study a wide range of phenomena and are most famous
for the discovery of the Higgs boson [111, 112]. LHCD is principally designed to study
CP violation through measurements of B mesons at forward rapidity. The other three
experiments, LHCf, MoEDAL, and TOTEM, are much smaller collaborations and
are dedicated to studying neutral particles at forward rapidity, magnetic monopole
searches, and measuring the total pp cross section and elastic and diffractive processes

respectively.

2.2 The ALICE Detector

The ALICE (A Large Ion Collider Experiment) detector [104] is designed to address
the physics of the strongly interacting QGP created in heavy-ion collisions. It was
built by a collaboration of over 1000 people from 105 institutes in 30 different coun-
tries, and was completed in time for the first data-taking in 2008. The detector as
a whole is approximately 16 x 16 x 26 m3, weighs about 10,000 tons, and includes
18 different sub-detector systems. A schematic diagram of the detector is given in

Figure 2.2, with human figures for scale.
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Figure 2.2: Schematic of the ALICE detector. Image from ALICE.

The main design constraint for the ALICE detector was the large multiplicities
(particle production) in heavy-ion collisions. To distinguish between different parti-
cles, it contains a robust tracking system. The lower interaction rate for Pb beams
at the LHC (10 kHz) and the moderate radiation dose of < 3000 Gy allows the
use of slower detectors like the Time Projection Chamber (TPC), which offers high-
granularity tracking. It is also important for the detector to provide measurements
in a wide transverse momentum range. Studies of collective effects require measure-
ments as low as pr ~ 10 MeV /¢, while jet physics extend to pr > 100 GeV/c. Thus
the detector features low material thickness to minimize rescattering low momentum
particles and a large tracking lever arm to increase the resolution of high mometum
particles.

The ALICE detector features multiple sub-detectors that employ nearly all the
particle identification techniques used in accelerator experiments. This allows re-
liable identification of photons, muons, hadrons, and electrons. The bulk of these
sub-detectors reside in the “central barrel” of the detector, which covers a polar
angle of 45°-135°, corresponding to a pseudorapidity range of |n| < 0.9. The central-

barrel detectors are enclosed within a large solenoid magnet recycled from the L3
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experiment at LEP with a field strength of 0.5 T. The closest detector to the beam
interaction point is the Inner Tracking System (ITS), followed by the Time Projec-
tion Chamber (TPC), Transition Radiation Detector (TRD), Time-of-Flight detector
(TOF), High-Momentum Particle Identification Detector (HMPID), the Electromag-
netic Calorimeter (EMCal), and the PHOton Spectrometer (PHOS). All cover the
full azimuth except HMPID and the calorimeters. Outside the L.3 magnet is an array
of scintillators (ACORDE) that is used to trigger on cosmic rays.

The ITS and TPC are discussed in detail in Sections 2.2.1 and 2.2.2. The TRD
[113] is used for electron identification and triggering on high momentum charged
particles. It consists of six radial layers of a foam /fiber radiator, drift region, and Xe-
CO, multi-wire proportional chamber with readout pad. The TOF detector consists
of a double-stack of Multigap Resistive Plate Chambers (MRPCs) [114] and is used for
particle identification. The HMPID is a ring imaging Cherenkov detector dedicated
to identifying high-momentum charged hadrons. Finally, the two calorimeters PHOS
and EMCal are used for measurements of photons and electrons respectively. The
EMCal is used in this analysis to improve high-momentum electron identification and
is discussed in greater detail in Section 2.2.3.

ALICE also has a number of detectors located at small angles along the beam
axis: the Zero Degree Calorimeter (ZDC), Photon Multiplicity Detector (PMD),
Forward Multiplicity Detector (FMD), and T0O and VO detectors. They are used
for global event characterization and to trigger data-taking. The ZDC measures the
spectator protons and neutrons from the incident nuclei that continue to travel along
the z-axis after the collision. It includes a neutron detector (ZN) located between
the two beam pipes and a proton detector (ZP) placed external to the beam pipe
in the direction where the magnetic field tends to deflect positive particles. Both
the ZN and ZP include hadronic and electromagnetic sampling calorimeters. The
electromagnetic calorimeter is needed to distinguish very glancing collisions (where
the spectator nucleons tend to travel down the beam pipe and miss the ZDC) from
head-on collisions (where there are very few spectator nucleons). The PMD and FMD
measure photons and charged particles respectively at forward rapidity. The PMD
consists of a lead and stainless steel converter sandwiched between gas proportional
counters, while the FMD is comprised of silicon strip sensors. The Cherenkov counter
TO detector provides the time and position of the collision, providing a start time

for the TOF detector and serving as a triggering detector. Finally, the VO detector,
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composed of plastic scintillators, is located on both sides of the collision interaction
point (VOA and VOC) and provides trigger information in addition to information
about the geometry of the collision (i.e. the centrality). The VO detector is discussed
in greater detail in Section 2.2.4.

In addition to the central-barrel detectors, ALICE also includes a muon spec-
trometer at forward rapidity —4.0 < n < —2.5, corresponding to a polar angle of
171°-178°. The spectrometer includes several components: a passive front absorber,
a 10-plane tracking system, a large dipole magnet, a passive muon filter wall, 4 trigger
chambers, and a shield along the beam pipe. It is used in measurements of quarkonia
via the dimuon channel, as well as measurements of muons from heavy-flavor decays.

In the following sections, the specific sub-detectors principally used in this thesis
are explained in more detail. The ITS is used for tracking and provides the primary
vertex (collision location) resolution needed to perform this analysis. The TPC is
also used for tracking as well as electron identification. The EMCal improves electron
purity and provides triggering for high energy particles, which extends the momen-
tum reach of the measurement to higher values. Finally, the VO detector is used to
separate heavy-ion collisions with different impact parameters, allowing differential

measurements in centrality.

2.2.1 ITS

The Inner Tracking System (ITS) [104, 115] is the closest central barrel detector to
the beam pipe. It consists of six concentric cylindrical layers of silicon detectors,
ranging from a radius of 3.9 to 43.0 cm from the beam axis (z-axis) and covering a
pseudorapidity range of || < 0.9. A schematic of the detector is shown in Figure
2.3. The inner layer lies as close as possible to the beam axis, allowing more precise
measurements of the primary vertex (location of the collision) and particle tracks
close to the interaction point. The outer layers are pushed to higher radii and closer
to the TPC to allow for better track-matching between the two detectors. Since the
particle density decreases with increasing radius, the ITS employs different detector
technologies in each layer.

The two inner-most layers are made of Silicon Pixel Detectors (SPD), hybrid
silicon pixels with a ladder of reverse-biased silicon detector diodes. The SPD layers

are located 3.9 cm and 7.6 cm from the beam axis, and are designed to handle
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87.2 cm

Figure 2.3: Schematic of the Inner Tracking System (ITS) in the ALICE detector.
Image from [115].

track densities around 50 particles per cm?. The middle two layers are Silicon Drift
Detectors (SDD), located at r = 15.0 and 23.9 cm from the beam axis where they
experience lower particle densities (around 7.2 and 2.5 particles per cm? respectively
[116]). The SDDs are made with homogenous, high-resistance Neutron Transmutation
Doped (NTD) silicon, and are divided into two drift regions by a central cathode strip
with a high-voltage bias. The final two layers are double-sided Silicon Strip Detectors
(SSD), located at r = 38.0 and 43.0 cm with particle densities around 1/cm?. Both
the SDD and SSD have analog readout, which allows for ionization loss (dE/dx)
measurements and identification of low-momentum particles that do not reach the
TPC. The resolution of the ITS dE/dx is about 11%.

To aid in measurements of these low-momentum particles, the ITS was designed
with minimal material thickness to reduce multiple scattering. The average I'TS
thickness for a particle traveling in a straight line perpendicular to the beam pipe
is only about 7.66% of a radiation length (Xj). Besides the particle identification
(PID) and tracking of low-momentum particles, the ITS is also used to determine the
primary vertex as well as secondary vertices created by charm and hyperon decays.
By extrapolating reconstructed tracks, the primary vertex position is determined with
a resolution on the 10 pum level for Pb-Pb collisions and around 110 pm for an average

pp event. In tandem with the TPC, it also generally improves particle tracking and
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momentum measurements. In particular, it improves the resolution of the distance
of closest approach (DCA) of particle tracks to the primary vertex to better than 100
pm. This is important for the studies in this thesis; the DCA is used to separate

different sources of electrons, as discussed in Chapter 3.

2.2.2 TPC

The Time Projection Chamber (TPC) is the main central-barrel tracking detector in
ALICE [117, 118]. It is cylindrical in shape with a 85 c¢m inner radius, 250 cm outer
radius, and 500 cm length along the beam axis. It covers the full azimuthal angle
with the exception of dead zones, and extends in the pseudorapidity range |n| < 0.9.
The TPC is filled with 90 m?® of a combination of Ne, CO,, and Ny gases. When a
charged particle passes through the TPC, it ionizes the gas, freeing electrons. An axial
electric field of 400 V/cm is applied to the TPC volume by a conducting electrode
charged to 100 kV located in the center of the detector. Under the influence of this
electric field, the freed electrons drift toward the endplates of the detector with a drift
time of ~ 90us. These endplates are divided into 18 trapezoidal sectors with multi-
wire proportional chambers and two cathode pad readouts. The ionization electron
position and time relative to the collision start is recorded by the endplates. With
this information, it is possible to reconstruct the path of the original charged particle
that passed through the TPC gas. The detector also includes a large cylindrical field
cage, isolated from the rest of the experiment by CO, filled gaps. This cage minimizes
electric field distortions inside the drift volume. A schematic of these components is
shown in Figure 2.4.

At the time of design, it was predicted that the charged particle multiplici-
ties generated by the 5.5 TeV Pb-Pb collisions at the LHC could be as high as
dN.,/dy = 8000. Extensive R&D was needed to account for these multiplicities,
which could amount to 20,000 tracks in the TPC acceptance for just one interaction
when including secondary particles. To account for this, the TPC features high-
granularity with 557,568 separate readout channels. Furthermore, the readout and
data-handling was designed to cope with an interaction rate of up to 8 kHz for Pb-Pb
collisions, and the specific gas mixture has a high ion mobility to quickly free the
drift chamber of positive ions. The gas mixture also discourages multiple scatterings

by having a small radiation length.
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Figure 2.4: Schematic of the Time Projection Chamber (TPC) in the ALICE detector.
Image from [117].

With the TPC, we can reconstruct the tracks of charged particles as they pass
through the gas of the detector with good two-track separation. Such tracks are
shown as lines in Figure 2.7. Since the readout chambers have 159 tangential pad
rows, a track can produce up to 159 clusters in the TPC volume. The tracks are

reconstructed using a Kalman filter approach [119] using the TPC in conjunction

with the ITS. The main steps of this process are as follows [120]:

1. A preliminary primary vertex is found by taking pairs of hits in the first two

ITS layers (SPD) and extrapolating them back to the location of the collision.

2. Tracks are “seeded” by taking adjacent clusters in the outer radius of the TPC
(where the track density is the smallest) along with the preliminary primary

vertex. Tracks are also seeded independently of the preliminary primary vertex
by taking three TPC clusters.

. The track seeds are propagated inward and updated with clusters that fall
within a certain proximity range. In some cases, the same physical track can

be reconstructed more than once. To avoid this, an algorithm is used to flag
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tracks that share a certain number of clusters. The worse track (in terms of

number of clusters, for example) is rejected.

4. Once the track has reached the inner radius of the TPC, it is extrapolated to the
outer layers of the I'TS and propagated inward through the I'TS layers, updating
with each cluster that falls within a proximity cut. The track is then propagated

to its point of closest approach to the preliminary interaction vertex.

5. The tracks are then refitted by the Kalman filter in the outward direction, and
an attempt is made to match it to detectors past the TPC (matching to tracklets
in the TRD, TOF clusters, and clusters in the EMCal or PHOS calorimeters).
The information in detectors past the TPC are not used in the track’s kinematic
calculations, but any additional information from those detectors is stored in
that track’s object to aid in particle identification. For example, in this thesis

the track’s energy lost in the EMCal is used to identify electrons.

6. Finally, all the tracks are propagated inwards again, starting from the outer
radius of the TPC. At this point, the track’s position, direction, and curvature

are set, and the primary vertex is recalculated with these “global” tracks.

Since particles traveling through the central-barrel detectors are exposed to a mag-
netic field from the L3 magnet, the particle momentum is taken from the curvature of
the track. Using information from both the TPC and ITS, the transverse momentum
resolution is better than 5% for 2 < pr < 10 GeV/c (see Figure 2.5).
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Figure 2.5: Transverse momentum resolution (%) for Pb-Pb collisions with d N, /dn =
6000 (left) and for pp collisions (right). Image from [117].
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Finally, the energy loss (dE/dx) in the TPC gas is used in this analysis for particle
identification of electrons. Particles of different mass have a characteristic ionization
energy loss in a gas, described by the Bethe-Bloch equation. Therefore, the energy
loss information in the TPC can be used to isolate different charged particle species.
The TPC provides an energy loss resolution of about 5.2% for pp events and 6.5%
for central (head-on) Pb-Pb collisions. The use of TPC energy loss is described in

more detail in Section 3.3.1, where electron identification is discussed.

2.2.3 EMCal

In this analysis, one of the main detectors used for electron identification is the elec-
tromagnetic calorimeter, or EMCal [121, 122]. The EMCal is a sampling calorimeter,
with alternating layers of lead and polystyrene scintillator. The EMCal is composed of
towers: sandwiches of 76 layers of 1.44 mm Pb and 77 layers of 1.76 mm polystyrene.
Each tower measures approximately 6.0 x 6.0 x 24.6 cm?®, and can be read out indi-
vidually. These towers are grouped into 2 x 2 groups called modules, the smallest
building block of the detector. These modules are further organized into larger su-
permodules (12 x 24 modules), each of which weighs about 7.7 metric tons. In total,
the EMCal has 10 full-size supermodules and 2 one-third size supermodules, corre-
sponding to 3072 modules and 12,288 towers. It covers a pseudorapidity of |n| < 0.7
and an azimuthal angle of A¢p = 107°. It is located at r ~ 450 cm from the beam
line, between the space-frame support structure and the L3 magnet coils. See Figure
2.6 for a depiction of the detector components.

The interaction of different particles with the EMCal detector material is deter-
mined by the nuclear interaction length (\;,;) and the radiation length (Xj). Electron
interaction is mostly governed by X, while hadron interaction is determined by A\,
[125]. The lead absorber in the ALICE EMCal has an effective Xy = 12.3mm (the
tower length is ~20 Xj) and a larger A;,;, which is approximately equal to the length
of the detector towers [120]. As a consequence, electrons are more disposed to in-
teract with the detector material, electromagnetically shower, and lose energy, while
hadrons must travel further in the material before they are likely to interact. Unfor-
tunately, the ALICE EMCal detector does not have depth information, so we cannot
know how far each particle travels into an EMCal tower before it begins to shower.

However, the integrated energy deposited along the length of each tower (cell) can
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Figure 2.6: A schematic of the components of the EMCal detector. Images taken
from [123] and [124].

still be used to help distinguish electrons from hadrons.
Since electrons tend to lose all their energy in the EMCal, the ratio of the electron’s

energy loss in the EMCal (£) divided by the electron’s momentum (p) is

2 2
Ejp="Y mp”’Q ~ ‘/pp_ _q (2.1)

for electrons

This is not the case for hadrons, whose E/p ratio would tend to be < 1 since they
do not deposit much of their energy in the EMCal. (This can be seen in Figure
3.2.) Thus, we can select particles based on their E/p value to select electrons versus
hadrons. The energy resolution of the EMCal is dependent on the energy of the
cluster and can be parametrized: op/E = 1/ A%+ %2 + g—i with A = 1.7 + 0.3,

B =11.3+0.5, and C' = 4.8 + 0.8 with E in units of GeV [122].
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Figure 2.7: A Pb-Pb event display from ALICE. The lines show tracks reconstructed
in the TPC and ITS, while the orange blocks show a “heat map” of energy deposited
in the towers of the EMCal. Image courtesy of CERN.

2.2.3.1 Clustering and Shower shape

When a particle travels through the EMCal, it may electromagnetically shower and
interact with multiple towers/cells. The “spread” of the shower is related to the
detector material; the effective Moliere radius of the EMCal (i.e. the radius of a
cylinder containing 90% of the shower energy) is Ry = 3.20 cm. In reconstruction
and analysis, the cells included in the shower are combined into a single “cluster”
which is then associated with the particle track from the TPC and ITS. This cluster
contains the energy distribution left by the particle in the towers (cells) of the EMCal.
This analysis uses a V2 clusterizer [126] to create the clusters. This clusterizer loops
through the cells until a “seed” cell with a certain threshold energy (500 MeV) is
found. The algorithm then loops through the neighboring cells around the seed cell,
adding adjacent cells if they meet the minimum energy threshold (100 MeV). The
process continues, looking for neighbors of the cells already added to the cluster, until
the cells no longer meet the energy requirement. Once a cluster has been found, the

clusterizer loops through the remaining cells, looking for a new seed cell.
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Figure 2.8: An illustration of a cluster in the EMCal and the ellipse parametrization.
Image from Tomas Aronsson’s thesis [125].

Each cluster is then parametrized by an ellipse, which has a short axis called M20
(or A?) and a long axis called M02 (or A\3) [125]. See Figure 2.8 for a cartoon example.
The method used to get this ellipse is as follows. Each cell in the cluster is given
a weight w; with a logarithmic dependence on the cell’s energy. This logarithmic
weighting scheme is used because the shower energy tends to decrease exponentially;
a linear energy weight would make just one or two cells dominate the calculation
(especially considering the large granularity of the ALICE EMCal). The parameter
Wy is a constant, chosen to suppress cells with an energy lower than 1.1% of the
total energy of the cluster. For the ALICE EMCal, W, = 4.5. For a more thorough

explanation of this weighting scheme, see [127].

E.
w; = max [0, Wo + ln( - ) (2.2)

Er

After applying the energy weighting, the shower dispersion (i.e. the second moment
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about the mean shower position coordinate) is calculated in the ¢ and n directions.
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The ellipse axes (M02 and M20) are then defined as follows:
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Since electrons and hadrons have different interactions with the EMCal material,
their showers in the detector tend to have slightly different short (M20) and long
axes (M02) on average. In this thesis, particles with 0.01 < M20 < 0.35 are selected,

which increases the electron purity by about 5-10%. This is shown in Figure 3.3.

2.2.3.2 EGI1 Trigger

Finally, the EMCal detector information is used as a “trigger” during data-taking to
signal that a particular event should be recorded. In this thesis, the EMCal L1 gamma
trigger known as EG1 [128, 129] was used to select events with high energy depositions
in the EMCal detector (which tend to be high-momentum electrons or photons). This
is accomplished using a sliding 2x2 window algorithm that sums the analog charge in
patches of 4x4 towers. When a certain threshold is met, the information is passed on
to a Central Trigger Processor (CTP) [130], which combines trigger information from
other detectors (discussed in Section 2.2.4 below). During the Pb-Pb data taking
period used in this thesis (LHC150), the analog charge threshold was equivalent to an
energy deposition of ~ 10 GeV.

The EG1 trigger increases the recording of events that include high-momentum
electrons (> 10 GeV/c), allowing us to measure beauty-decay electrons to higher

momentum than previous measurements with ALICE. The previous ALICE Raa
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measurement only extended to pr = 8 GeV/c [45]; this thesis measurement reaches

26 GeV/c.

2.2.4 VO detector

The VO detector [131] consists of two disks installed on either end of the ALICE
collision interaction point (IP) called VOA (2.8 < n < 5.1) and VOC (=3.7 < n <
—1.7). VOA is on the side opposite of the muon spectrometer, 340 cm away from the
IP. VOC is on the front face of the passive absorber of the muon spectrometer, 90
cm from the IP. Each disk consists of 8 segments of plastic scintillator read out by
optical fibers.

The VO detector, like the EMCal, is used for triggering during data-taking. In
the data-taking period used in this thesis, it provided what is known as a “minimum
bias” (MB) trigger, a loose requirement for selecting events to record. In this case,

the MB trigger required the coincidence of a signal above a certain threshold in both
the VOA and VOC.

2.2.4.1 Centrality

In Pb-Pb collisions, the two ions are often off-center when they collide, i.e. they have
a non-zero impact parameter b, defined as the distance between the centers of the
Pb nuclei in the plane transverse to the beam axis. An example of such a collision is
shown in Figure 1.7. In such cases, some fraction of the nucleons do not participate in
the collision, and continue on down the beam pipe. These are known as “spectators.”
Their counter-parts are the “participants,” the nucleons that experience at least one
binary collision with a nucleon in the other Pb ion. The number of spectators and

participants are related:

Nipee = 2A — Npary (2.3)

where Njpe. is the number of spectators, Ny, is the number of participants, and A
is the number of nucleons in a Pb ion.
It is interesting (and important) to be able to separate collisions with different

b and/or Ny, since the volume of the interacting region might have an effect on
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our experimental observables. (For example, we might see less energy loss in our
R a4 measurements since the quarks have less QGP medium to travel through.) It
is not possible to directly determine the b or Ny, in experiment. Instead, collisions
are classified according to their centrality. The centrality of a collision with impact
parameter b can be expressed as a percentile of the total nuclear interaction cross

section o [132]:

b 1o
‘- ffg‘fiz{;//cfibb/cizbb/ N 01 / b % v 24)
o AA Jo

The basic assumption in the experimental determination of centrality is that the
impact parameter is monotonically related to the particle multiplicity [39]. In ALICE,
the more specific assumption is that the signal amplitude in the VO (the mean value
measured by VOA and VOC) is related to b. For example, a collision with small impact
parameter would produce a large number of charged particles, which would translate
to a large signal in the V0. Thus, we experimentally determine the centrality as the
percentile of the total number of events corresponding to a VO signal amplitude. This
is illustrated by Figure 2.9, where a plot of the VO signal amplitude is divided into
different centrality classes (ranges).

The experimental determination of centrality can be tied to specific values of b,
Neoir, and Npq,¢ using a Monte Carlo implementation of the Glauber model [134-136].
The Glauber model [39] is a geometric model that treats a heavy-ion collision as the
sum of the binary nucleon-nucleon scatterings in the overlap region of the incoming
heavy ions. The Monte Carlo implementation can be described in three main steps.
First, the nucleon positions in the lead ions are randomly set based on the nuclear
density function, measured in electron-nucleus experiments [137]. The ions are then
collided, modeled as a series of independent binary nucleon-nucleon collisions with an
inelastic nucleon-nucleon cross section extracted from pp collision data. Finally, the
result is coupled to a simple particle production model that uses a negative binomial
distribution (NBD) for the charged particle multiplicity. The final result is fitted to
the VO data (see Figure 2.9), and a direct comparison between the model and data
can be made to infer, for example, the N4 in a given centrality range. For example,
in Pb-Pb collisions at /syx = 5.02 TeV, the 0-10% collision class (head-on collisions)
corresponds to (Npqr¢) = 357.3, with an RMS of 32.1 and a systematic uncertainty of
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Figure 2.9: The VO signal amplitude in Pb-Pb collisions at /sxy = 2.76 TeV mea-
sured with ALICE, divided into centrality classes. Image from [133].

0.753 [133]. In the 30-50% class, (Npqae) = 109, with an RMS of 26.6 and a systematic
uncertainty of 1.11 [133].

The centrality resolution is 0.5% in central collisions (near 0% centrality), and

increases to 2% in peripheral collisions (around 60-80% centrality) [132].
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Chapter 3: Analysis Details

In this chapter, the analysis procedure used to measure the beauty-decay electron
yield is laid out in detail. The general strategy is as follows. First, quality collision
events and tracks are selected in the data sample. Among these tracks, electrons
are identified using information from the TPC and EMCal detectors. Any remaining
hadron contamination is estimated and removed using a data-driven procedure. This
leaves us with a high-purity electron sample.

Next, the beauty-decay electrons must be separated from electrons from other
sources. In the momentum range considered in this thesis, the other main sources
of electrons are charm hadron decays, Dalitz decays of light neutral mesons (7° and
n), and photon conversions in the detector material. The electrons from the latter
two sources, “photonic electrons,” are identified and removed using an invariant mass
procedure. After photonic electrons are subtracted, the remaining electrons are from
charm and beauty hadron decays. To differentiate between the two sources, we take
advantage of the fact that beauty hadrons have a longer lifetime than charm hadrons.
This causes the electrons from beauty hadron decays to have a larger distance-of-
closest-approach (DCA) to the primary vertex. The DCA distribution of the heavy-
flavor electrons is fitted with two templates, one for charm-decay electrons and one for
beauty-decay electrons. From the fit, the yield of beauty-decay electrons is extracted.

Each of these steps is laid out in further detail in the following sections. The
first two sections describe the requirements used to select the proper events and
particle tracks reconstructed in the ALICE detector. In Section 3.3, the procedure
for identifying electron tracks and the data-driven methods used to obtain a sample
of heavy-flavor electrons are described in detail. Section 3.4 includes the template fit
procedure used to separate charm- and beauty-decay electrons. Finally, Section 3.5
details the efficiency corrections needed to obtain the fully-corrected beauty-decay
electron yield, and Section 3.7 gives details about the pp reference used to calculate
the Raa. This basic procedure was repeated and conducted separately for collisions
with 0-10% and 30-50% centrality.
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3.1 Dataset and Event selection

The measurement of beauty-decay electrons in this thesis was performed in Pb-Pb
collisions at /sy = 5.02 TeV. The data was recorded by the ALICE detector in
2015 (known as the LHC150 dataset).

Within this dataset, the events were recorded using a minimum bias and EG1
EMCal trigger. Details of these two triggering systems are included in Sections 2.2.3.2
and 2.2.4. The EG1 trigger selects events that include a large energy deposition in the
EMCal > 10 GeV. Since these energy depositions are produced by the electromagnetic
showers of high-energy electrons, the EG1 trigger improves the statistics of electrons
at high-momentum.

To select “good” physics events, additional requirements were imposed on the
events in the data sample. Events caused by interactions between the accelerated
lead ions and the beam gas were removed. The primary vertex of the collision events
were required to be centered within the ALICE detector (i.e. primary vertex with a
z-axis position |Vtx,| < 10 cm).

The number of minimum bias (EMCal-triggered) events passing these selection
cuts is 4.84 x 10% (5.80 x 10°) for 0-10% central Pb-Pb events. For the 30-50%
centrality class, the number of minimum bias events is 9.5 x 10° and the number of
EGI1 events is 3.0 x 10°.

3.1.1 Monte-Carlo sample

Monte Carlo (MC) simulations are used to calculate the efficiency of selecting pho-
tonic electrons using an invariant mass method (see Section 3.3.3.2), to estimate the
overall reconstruction efficiency of beauty-decay electrons (Section 3.5), and to make
the distance-of-closest approach (dy or DCA) templates used to separate charm- and
beauty-decay electrons (Section 3.4). The Monte Carlo samples were produced using
Hijing [138], a MC event generator. This generator combines a pQCD-based model
of jet production with a Lund-type model of soft interactions, and accounts for nu-
clear shadowing and energy-loss processes of partons traveling through the produced
medium. Additional heavy-flavor electron decays were generated with Pythia 6 with
Perugia tune 2011 (350) [139] and embedded in the sample. The number of 7° and

1 particles in the sample was increased to improve statistics for the photonic elec-
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tron tagging efficiency calculation. The specific response of the ALICE detector was
implemented using GEANT 3 [140].

Two separate MC productions were used in this thesis: LHC16i3a was used for
0-10% central collisions and LHC16i3b was used for 30-50%. The number of simulated
events passing the selection cuts was 3.0 x 10° (3.7 x 10%) for 0-10% (30-50%) collisions.

3.2 Track selection

As discussed in Section 2.2.2, particle tracks are reconstructed using the TPC and I'TS
detectors. To ensure that the tracks used in this analysis are of good quality, several
selection criteria were required, and are listed in Table 3.1. For example, a track is
required to cross a certain number of rows and generate a certain number of clusters
in the TPC. This aids the track-finding algorithm and ensures good resolution and a
proper fit to the TPC clusters. Another notable example is the requirement that the
track includes at least one “hit” in the SPD (the first two layers of the ITS). This
requirement helps reject electrons that are produced deeper in the detector material
via photon conversion processes.

In addition to these requirements, the particle tracks are required to “match”
with an EMCal cluster. In other words, when the particle track is extrapolated to
the EMCal detector, it must align with an EMCal cluster so that the energy deposit
information of the particle can be obtained. The difference in both ¢ and 7 between
the track and EMCal cluster are required to be < 0.05 to ensure good cluster-track

matching.

3.3 Heavy-flavor electron identification

3.3.1 Electron identification

After applying the track selection cuts, the electrons must be separated from other
charged particles in the sample like pions, protons, and kaons. This is done using
information from both the TPC and EMCal detectors.

As discussed in Section 2.2.2, particles ionize the TPC gas and lose energy as

they travel through the detector. Different particle species have a characteristic mean
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Table 3.1: Track selection cuts

Track property Cut applied
Minimum Number of Crossed Rows in the TPC 70
Minimum No. of Crossed Rows / Findable Clusters in TPC 0.8
Maximum y? per TPC cluster 4
Minimum number of TPC clusters 80
Minimum number of ITS cluster 3
Reject kink candidates On
ITS and TPC refit On

Hit on SPD layer 1 hit on any layer
Maximum y? per ITS cluster 36
Maximum DCA,, 0.25 cm
Maximum DCA, 1 cm
Track 7 In| < 0.6

energy loss in the TPC ((dE/dx)rpc) that can be described by a parametrization of
the Bethe-Bloch equation (Equation 3.1):

P1 Py 0 1

where [ is the velocity of the particle, v the Lorentz factor, and P; are the fit pa-

f(By) =

rameters. This parametrization was originally proposed by the ALEPH experiment
[141]. Examples of (dE/dx)rpc for different particle species can be found in Figure
3.1, where they are plotted as a function of momentum and compared to data. It is
clear in this image that the electron signal lies near its expected (dE/dx)rpc curve.
We select these particles using the variable norpc_gr/ax, the difference between the
measured and expected energy loss in terms of the energy loss resolution (Equation
3.2). In this analysis, an asymmetric cut of —1 < norpc_ag/ax < 3 is applied. This
is to reduce contamination from pions, whose (dE/dz)rpc begins to encroach on the

electron signal as the momentum increases.

dE/dx measured __ dE/dzx expected
9TPC
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Figure 3.1: ALICE performance plot showing energy loss in the TPC as a function
of momentum. Note different particle species follow characteristic curves described
by a Bethe-Bloch parametrization.

After applying the norpc_arax selection, the electron purity of the sample is
further improved by using information from the EMCal detector. Because electrons
have a relatively low mass (511 keV) compared to their momentum (> 3 GeV/c for
this analysis), we expect that their energy divided by their momentum will be close

to unity:

/2 4 2 /2
E/p= mi P VP =1 forelectrons (3.3)
p p

The EMCal detector has a small radiation length, so, by design, electrons tend
to interact with the detector material and lose all of their energy via electromagnetic
shower (see Section 2.2.3). Therefore, we can use the particle energy loss in the
EMCal as the total energy. In Figure 3.2, the ratio of the energy lost in the EMCal
over the track momentum is plotted, revealing a clear electron peak around unity.

Thus, we only select particles which satisfy the requirement that 0.8 < E/p < 1.2.
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The remaining non-electron contamination, mostly from pions, has a small E/p,
since the EMCal captures only a fraction of their energy. (Recall that the EMCal
material has a large nuclear interaction length, discouraging hadronic interaction and
energy loss.) However, as can be seen in Figure 3.2, the distinction between the
electron signal and hadron background is less clear as one goes to higher transverse
momentum. As a result, the purity of the electron sample begins to suffer at high
momenta, because both the norpc_gg/ax and E/p criteria are less effective in distin-
guishing electrons and hadrons.

Fortunately, one can compensate for some of the loss in purity at high momentum
by applying an additional requirement on the shape of the electromagnetic shower
in the EMCal. As mentioned in Section 2.2.3.1, the electromagnetic showers in the
EMCal are described by an ellipse with short axis M20 and long axis M02. After
the norpc_ar/ax and E/p selections, we require that the shower produced by the
electron candidates have a short axis M20 between 0.01 and 0.35. The M20 selection
improves the electron purity by ~5-10%, depending on the pt and centrality. This
can be seen in Figure 3.3, where the electron purity of the sample has been calculated
with and without the M20 selection applied. The purity was obtained by estimating
the remaining hadron contamination as detailed in Section 3.3.2. Further discussion
of the EMCal shower shape can be found in Section 2.2.3.1.

Table 3.2: Electron identification (eID) cuts

Track property Cut applied
Energy deposited in EMCAL/momentum 08< E/p<1.2
Sigma of electron energy loss in TPC —1 < norpc_qe/dx < 3
Shower shape, short axis 0.01 < M20 < 0.35

3.3.2 Removing hadron contamination

After applying the electron identification cuts, some hadrons remain in the sample.
This contamination is estimated and removed from the electron candidates using a
data-driven method.

First, a sample of hadrons is obtained using the selections norpc_qg/ax < —4 and
0.01 < M20 < 0.35 m. The E/p distribution of these hadrons is then scaled to match
the electron candidate E/p distribution at low E/p, where the majority of particles
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are hadrons. An example of this can be seen in Figure 3.2, where the red hadron E/p
distribution has been scaled to match the black electron candidate E/p. The exact
region of scaling varies with pr, since the hadron contamination peak moves to higher
E/p as the pr increases (also seen in Figure 3.2). The scaling region for 10 < pr < 12
GeV/c and pr > 14 GeV/c in 30-50% centrality is slightly larger to compensate for
lower statistics; the larger range ensures that statistical fluctuations do not have an

undue influence on the scaling. The scaling regions are listed in Table 3.3.

Table 3.3: E/p scaling region for hadron contamination estimation

pr (GeV/e) 0-10% 30-50%

<8 02< E/p<04 02<FE/p<04
8 —10 02< E/p<04 04<E/p<0.6
10 — 12 04< E/p<06 02<E/p<0.6
12-14 04< E/p<06 04<E/p<0.6
> 14 04< E/p<06 05<E/p<0.7

Once this is done, the amount of hadron contamination (Npaarons) is estimated by
taking the integral of the scaled hadron E/p distribution in the region 0.8 < E/p <
1.2. For the future steps in the analysis, the distance of closest approach (DCA) of
the electrons to the primary vertex is needed. To subtract the hadron contamination
from the DCA distribution, we first obtain the hadron DCA by applying the selection
norpc—de/dx < —4. The DCA distribution of these hadrons is then scaled to Npadrons
and can subtracted from the DCA of the electron candidates. Figure 3.4 shows the
DCA distribution of the electron candidates in black and the estimated hadron DCA
after scaling in red. In this plot and throughout this thesis, the DCA is shown after
being multiplied by the sign of the charge of the particle and the sign of the magnetic
field provided by the L3 magnet.

3.3.3 Non-HF electron background subtraction

Once the hadron contamination is removed, we are left with a sample of electrons

from a number of sources. These include [53]:
1. heavy-flavor hadron decays (from charm and beauty)

2. Dalitz decays of light neutral mesons (7° and 1) and photon conversions in the

detector material

56



T ———————
5 18.<p, <26 GeVic
O 100 -

iZI,H"H*

!| “!,,lllll‘t;i,lm! oy m!“

Figure 3.2: The E/p distributions after electron identification selections (black),
shown in different momentum ranges. The estimated hadron contamination is shown
in red. The green distribution shows the electron signal after the hadron contamina-
tion has been subtracted. The data shown here is from 0-10% collisions.

3. dielectron decays of quarkonia (J/¢ and T)
4. weak decays of kaons: K%* — e*77/00, (K3 decays)
5. dielectron decays of light vector mesons (w, 7/, ¢)

6. W and Z/~* decays

The particles of interest in this thesis, beauty-decay electrons, belong in the first
category along with electrons from charm-hadron decays. Charm- and beauty-decay
electrons are separated using their DCA, as explained later on in Section 3.4. How-

ever, before that step in the analysis, we must first remove or account for the electrons

from sources 2-6.
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Figure 3.3: The estimated purity of the electron sample with all eID cuts (red)
compared to the purity without the M20 cut (green). The left plot shows the results
for 0-10% centrality, while the right shows the results for 30-50%.

3.3.3.1 Photonic electrons

The largest source of non-heavy-flavor background electrons are Dalitz decays and
photonic conversions in the detector material. In this thesis, the electrons from such
decays are referred to as “photonic electrons.” Photonic electrons are produced in
electron-positron pairs with a small opening angle. Because their mother particles
have small masses (M, = 0 and Mo = 0.135 GeV/c?), the electron-positron pairs
from these sources will have a small invariant mass (Equation 3.4) with a peak near

zero (Figure 3.5). This property can be used to “tag” and remove photonic electrons.

Mo = /(Ey + E2)? — (p1 + p2)? (3.4)

The procedure used to tag photonic electrons is as follows. First, the DCA distri-
bution of electrons that form electron-positron (unlike-sign) pairs with small invariant
mass (< 0.1 GeV/c?) is obtained. To eliminate combinatorial background, the DCA
of electrons that form like-sign pairs with invariant mass < 0.1 MeV is then subtracted
from this distribution (see Figure 3.6). Both the like-sign and unlike-sign electron
pairs are obtained by taking the electrons passing the electron selection criteria and
matching them with electrons that pass the less-strict criteria listed in Table 3.4. The
looser criteria is to improve the efficiency of finding the partner electron.

After applying the photonic electron tagging efficiency (see Section 3.3.3.2), the
photonic electron DCA is subtracted from the inclusive electron DCA to get the
heavy-flavor decay electron DCA.
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Figure 3.4: The DCA of electron candidates (black), the estimated hadron contami-
nation (red), and the photonic electrons (purple) in 30-50% centrality.

Table 3.4: Partner electron requirements

Track property Cut applied
Min number of TPC clusters 80
Maximum x? per TPC cluster 4
Reject kink candidates yes
Maximum DCA, 0.25 cm
Maximum DCA, 1 cm

Min pr (GeV/c) 0.3
Pseudorapidity —-09<n<0.9

Sigma of electron energy loss in TPC  —3 < norpc—dr/ax < 3
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Figure 3.5: Invariant mass of electron pairs in 2.76 TeV Pb-Pb collisions measured
with ALICE.

3.3.3.2 Photonic electron tagging efficiency

The invariant mass analysis to identify photonic electrons is not completely efficient.
Our detectors only cover a limited area, and we reject some electron-positron pairs
due to the partner electron selection requirements. Therefore, we must apply a recon-
struction or “tagging” efficiency before the photonic electron DCA can be subtracted
from the inclusive electron DCA. This photonic electron tagging efficiency is calcu-
lated using MC simulations; within the simulation, the same invariant mass analysis
is performed to identify photonic electrons. The efficiency is then just the ratio of
these “tagged” photonic electrons to the true number of photonic electrons generated
in the MC sample that pass the basic track quality selections.

As mentioned in Section 3.1.1, the MC sample includes enhanced 7 and my pro-
duction. This means that each MC event is enriched with additional (embedded) 7

and my mesons. These added 1 and 7y mesons improve the statistics of the efficiency
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Figure 3.6: The DCA distributions of electrons that form an unlike-sign (like-sign)
pair with M, < 0.1 GeV/c? in blue (orange) in 30-50% centrality.

calculation, but have a flat momentum distribution. This is shown in the red dis-
tribution in Figure 3.7. Unfortunately, this causes the pr spectra of the photonic
electrons to be artificially hard with respect to data, causing a bias in the efficiency
calculation.

We correct this bias by applying a weight to electrons from the enhanced n and 7.
The 1 weight (as a function of pt) is calculated by taking the ratio of the enhanced 7
spectrum to the non-enhanced Hijing 1 spectrum (see Figure 3.7). This ratio is then
fitted with a parametrization of a modified Hagedorn function [142] which describes
the pr distribution of hadrons. The weight for 7y is calculated in the same manner.
Each weight is applied to the daughter electrons according to the pr of the enhanced

n or mo mother. The Hagedorn equation is given in Equation 3.5 below:
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Figure 3.7: Left: The spectra of 7 and 7 in the 30-50% MC sample (embedded in
red, non-enhanced Hijing in black). Right: The weight functions applied to electrons
from 7% and 7 decays in MC (0-10% centrality in blue, 30-50% in red).

After applying the weight, the resulting tagging efficiency is fitted with Equation
3.6 to smooth the distribution and reject statistical fluctuations. The fit is shown in
Figure 3.8. This figure also shows the tagging efficiency with and without applying
the weight to the electrons from the enhanced n and my. Here, one sees that the n
and my weights cause the tagging efficiency to decrease at low momentum. At ppr = 3
GeV/c, the tagging efficiency is reduced from ~ 70% to ~50% when the weights are
applied.

f=po—p1xe P (3.6)

3.3.3.3 Other background sources of electrons

The remaining background sources listed at the beginning of Section 3.3.3 have a
relatively small contribution to electrons in the pr range considered in this analysis.
For example, in previous measurements, the contribution of electrons from J/1 was
estimated to be, at its maximum, ~5% in the range 2 < pr < 3 GeV/c for central Pb-
Pb collisions at /sy = 2.76 TeV [143]. The contribution decreases quickly at higher
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Figure 3.8: Tagging efficiency of photonic electrons before and after applying the
weight to electrons from 7 and 7y in the MC sample. The example shown here is in
30-50% centrality.

pr and in more peripheral collisions. Thus, in this thesis analysis, as in previous
measurements of heavy-flavor electrons [53], electrons from J/v¢ are not explicitly
subtracted from the sample. Other quarkonia sources produce even fewer electrons
than J /1, and are considered negligible.

Background electrons from W decays and Z/v* — ete™ decays only become sig-
nificant at high momentum: the contribution from W decays increases from 1% to
20% between pr = 10 GeV/c and 25 GeV /¢, while the Z contribution reaches 10% at
25 GeV/c [53]. In previous studies of heavy-flavor electrons [53], the electrons from
W and Z were estimated using POWHEG [144] and subtracted from the final HFe
spectrum. This method cannot be employed for this analysis, as it is unclear how
the contribution from W and Z electrons affect the DCA distribution and fitting pro-
cedure. Instead, an additional systematic uncertainty is added to the measurement
at high transverse momentum. Details on how this uncertainty is estimated can be
found in Chapter 4.

The remaining sources of background electrons from K.3 decays and light vector

mesons (w, n’, and ¢) are negligible [143, 145].
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3.4 Separating charm- and beauty-decay
electrons

After subtracting the hadron background and photonic electrons, we are left with a
sample of heavy-flavor electrons from both charm and beauty decays. We still need
to separate these two sources. This can be done by exploiting the difference in decay-
length of charm and beauty hadrons (see Table 3.5). Because beauty hadrons have
a long lifetime before decay, their decay electrons are produced at a larger radius
from the primary vertex. Thus, when the electron track is extrapolated backward,
it will have a larger distance-of-closest-approach (DCA) to the primary vertex [45,
63]. As the name suggests, the DCA is the closest distance between an extrapolated
particle track and the primary vertex. The idea that a longer mother particle lifetime
results in a larger daughter DCA is best understood by looking at Figure 3.9, where

a schematic illustration of a beauty-decay and charm-decay electron is provided.

Table 3.5: Decay lengths of beauty and charm hadrons [7]

Particle species Quark content Decay length (pm)

Dt cd 311.8
DO cu 122.9
D ‘s 151.1
Af ude 60.68
Bt ub 491.1
B db 455.4
BY sb 454.2
AY udb 441

When we plot the DCA of the beauty-decay electrons, its distribution will be
wider than charm-decay electrons due to its large DCA. This can be seen in the
MC simulation plot in Figure 3.10. Because the charm- and beauty-decay electron
distributions have different shapes, we can attempt to fit the two shapes to the
combined heavy-flavor decay electron DCA distribution, extracting the fraction of

each source of electrons from the combined heavy-flavor electrons.
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Figure 3.9: Illustration of how the meson decay length affects the DCA of the decay
electrons.
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Figure 3.10: The DCA distributions of electrons from different sources, generated
using MC simulations. Here, dj is used to denote distance-of-closest approach (DCA).

3.4.1 Fitting procedure

The shapes, or templates, of the DCA distributions of charm- and beauty-decay
electrons are obtained from Monte Carlo simulation. Tracks in MC are selected with
the same criteria used in data (Table 3.1). Electrons are selected and sorted into two

templates according to the decay chain that produced them. The decay processes
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considered and added to the templates are listed below:

Charm Template
D% D% Df — e
A, — e

Beauty Template
B mesons — e
B mesons — D mesons — e
B mesons — ¢ Baryons — e
B mesons — ... — D mesons — e

B mesons — ... — ¢ baryons — e

where the ellipses indicate several generations of decays. (The decay chain of electrons
from charm hadrons are checked back 100 generations to look for a B meson mother.)

One may notice that, with the exception of electrons from A. in the charm tem-
plate, the two templates only include electrons from D or B meson decays. It is
important to include the A. contribution because its decay length, ¢7 = 60.68 pm, is
much shorter than the decay lengths of D mesons, which range from about 150-300
pm [7]. Thus its contribution can alter the charm template shape by making it nar-
rower. Other charm baryons are not included because they have a small contribution
to charm-decay electrons. Beauty baryons are not included because they have a very
similar lifetime to the B mesons (¢7 = 441 pm for A,) and have a negligible effect on
the beauty template. (See Table 3.5 for a list of relevant decay lengths.)

These templates require some altering before they can be used to fit data. This
is because there are several known ways in which the MC simulation does not match
data that can affect the shapes of the templates. Because the MC sample is a heavy-
flavor enhanced sample, the D and B meson pr spectra are artificially high at high
momentum (i.e. harder spectra). Also, the relative fraction of different charm species
(i.e. the D*/D% DE/D° and A./D° ratios) do not match data measurements. It is
important that these ratios are correct in the charm template, since these particles
have different decay lengths and can affect the template shape. The relative fraction
of different beauty species are not corrected in the beauty template, as they have
similar decay lengths. Finally, the DCA mean and resolution is different in data and

MC. The corrections made to compensate for these differences are in Section 3.4.2.
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Once the template corrections are applied, the templates are normalized so their
integral is one. They are then fitted to the heavy-flavor electron DCA using a weighted
log-likelihood fit based on a method by Frederick James [146]. This fit procedure is
for cases in which the fitted histogram has been filled with weighted counts that are
different than one. In such cases, the parameter errors produced from a standard
log-likelihood fit must be corrected to account for the weighted entries. This method
was chosen because the heavy-flavor electron DCA distributions in general contain
non-integer counts due to the hadron and photonic electron subtraction. To ensure
the weighted log-likelihood fit was appropriate for this measurement, several closure
test studies were performed and are detailed in Section 4.7.

The fit function is a simple combination of the two normalized templates:
fit = po x Templatey_,e + (Ngre — po) X Template._,. (3.7)

where Nyp. is the integral of the fitted heavy-flavor DCA distribution. Since the
templates are normalized so their integrals are one, the free parameter py corresponds
to the raw beauty yield extracted from the fit. Figure 3.11 shows a few examples of
the template fit in different momentum ranges.

In the final step of this analysis, the raw beauty-decay electron yield is corrected
for the acceptance and efficiency of the ALICE detector and the efficiency of the

electron selection criteria (Section 3.5).

3.4.2 Template Corrections

As previously mentioned, there are a number of corrections that must be applied to
the templates because the MC sample does not match data. The first is that the
D meson, B meson, and A, momentum spectra in MC do not match data. This is
due, in part, to the fact that additional charm and beauty quarks were embedded in
the MC sample, which artificially increased the number of high-pr charm and beauty
hadrons. This affects the shape of the templates because the DCA shape has a pr
dependence: higher pr particles have a narrower DCA distribution. The correction
for this issue is described in Sections 3.4.2.1 and 3.4.2.2.

Another difference between data and MC is the relative fraction of different charm
species. This means, for example, that the D*/D° D,/D° and A./D° ratios mea-

sured in data do not match MC. This affects the templates because different charm
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Figure 3.11: Examples of template fits in 0-10% and 30-50% centrality in different
pr bins.

species have different decay lengths, and thus their decay electrons have different
DCA shapes. If the wrong fraction of electrons from a particular species is included
in the template, it could alter the template shape.

Finally, there is a small difference in the mean and resolution of the DCA in
data and MC. In data, the DCA mean is reduced about 5-10 pm, likely due to
a misalignment of some of the SPD modules during the LHC150 data-taking period.
The mean shift and resolution difference between the MC and data DCA distributions
is corrected using an online central ALICE code known as the “Improver Task”. The
Improver Task goes track by track in the MC to correct the mean shift and difference
in resolution to match data.

Examples of the templates before and after the B meson weight, D meson weight,
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and the D° ratio corrections are applied can be seen in Figure 3.12. Taken together,

the corrections make the templates narrower.
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Figure 3.12: The beauty (top) and charm (bottom) templates before and after the
B meson weight, D meson weight, and the D° ratio corrections are applied in 0-10%
centrality.

3.4.2.1 D meson spectrum

The D meson spectrum in MC is corrected to match data using a pp-dependent
weight. This weight is simply the D° py distribution measured in 5.02 TeV Pb-Pb
collisions by the ALICE detector [36] divided by the pr spectrum of D° mesons in
the MC sample. The same weight is used for all D meson species since their pr
distributions have the same shape in both data and MC (see Figure 3.13 and 3.16).
This weight mainly serves to correct the spectrum shape; the relative contribution
of the electrons from different D meson species is corrected in a later step (Section
3.4.2.3).
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Figure 3.13: Left: the MC spectra of D° (blue) and all D mesons (cyan) and the
data spectra of D° (black) in 30-50% Pb-Pb collisions. The two variations used for
systematic uncertainty estimation are shown in red and green. Right: the weight
applied to the electrons from D mesons, according to the D meson pr (cyan).

Once this weight distribution is obtained, the pr of electrons from D mesons are

weighted according to the mother D meson pr.

3.4.2.2 B meson spectrum

The B meson spectrum in MC was also corrected using a pr-dependent weight. In
this case, however, the B meson measurement available in Pb-Pb collisions from
CMS [37] only extends in the range 7 < pr < 50 GeV/c and combines collisions of
all centralities. This is not sufficient to calculate the B meson weight using the same
method employed for the D meson weight.

Instead, the correction relies on theoretical predictions. The expected B meson
pr spectrum shape in 0-10% (30-50%) was obtained by multiplying a fit to the 0-10%
(20-40%) B meson Raa from the TAMU model [147] with the pp B meson cross
section from FONLL. This product is shown in the numerator of Equation 3.8. One
might notice that the constant factor from the T4 is still present, but this is not a
concern: we wish to correct the shape of the pr distribution, not the absolute value.
The fit function of the TAMU prediction is given in Equation 3.9.

Nngb/de

Np ' _/dpr_ % pp d ‘
Wezght _ Taaxoy /dpr TAMU UB/ PT FONLL (38)
NEVPY [, ‘ o
B pT — 1 b3
TAMU Rpp fit = pg + D + 1 + epa-(pT—ps) (3.9)
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The TAMU model was chosen because its shape is reasonable compared with other
model predictions and the measurement of the B meson Raa (see [37]). However, in
the systematic uncertainty determination, the model Rxa used in the weight calcu-
lation was varied to account for a wide range of possible predictions. See Chapter 4
for more information.

All of the ingredients for this weight calculation are shown in Figure 3.14. Once
the weight is calculated (Figure 3.15), the electrons from B mesons are weighted

according to their B parent pr.
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Figure 3.14: Top left: the TAMU Raa of B mesons in 20-40% (green). The variations
for systematics are shown by the dashed lines. Top right: the FONLL cross section of
B mesons in pp 5.02 TeV. Bottom: the MC B meson spectrum in 30-50% centrality.

3.4.2.3 Relative fraction of different D meson species

The relative fraction of different D mesons is corrected by scaling the contribution of
the D and D electrons in the charm template by a constant factor (see Equation
3.10). The scale factor (c¢; and ¢y) is informed by the % g%

TeV Pb-Pb data [36] and the branching ratios (BR) of D™ and DY to electrons [7].

The last term in the scale factors is the ratio of the number of electrons from D™ or

measured in 5.02

and
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magenta and orange.

D7 to the number of electrons from D° in the MC sample.

Template, = DCA(D® — €) + ¢, - DCA(D" — €) + ¢y - DCA(Dy — e) + DCA(A, — e)

. (D+)  BR(D* ) (NDO%)
where ¢ = | —+
l Do data BR(DO - 6) Np+_e MC

D, BR(Dg — €) Npo_s.
Co = | — X X
DY) ... BR(D—e) Np,se ) yo
(3.10)

The DY ratios measured in data can be seen in Figure 3.16. The value of these

ratios used in the ¢; and ¢y equations is constant in pr and is obtained by a simple
fit line to the data.

3.4.2.4 A, spectrum and A./D° correction

Recent results in 2018 data [148] have shown that the A. spectrum has a difference in
shape from the D spectrum. Consequently, the A./D° ratio in data (Figure 3.16) has
a pp-dependence and must be corrected according to the pr of the electron mother.
This is accomplished by applying a separate weight to the electrons from A, described
by Equation 3.11. It is the A./D° in data [148] times the D° pr distribution from
data [36] and divided by the A, pr distribution in the MC sample.

& % (dNpo/dpr)data
DO ldata (dNAC/de)MC'

Weight = (3.11)
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data [36, 148]. The lines on the right plot show the fit to determine the value of the

D*/D° and D,/DP ratio correction. The dashed lines show the systematic variations.

Figure 3.16 shows the A./D° in data, Figure 3.13 gives the D° pr distribution
in data, and Figure 3.17 provides the A, pr distribution in MC and the final weight
applied to the A. electrons.
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Figure 3.17: Left: The A, spectrum in MC (yellow) and the D° spectrum from data
(black) in 30-50%. Right: The weight applied to electrons from A. according to the
mother A. pr for 30-50% centrality.
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3.5 Acceptance and reconstruction efficiency

The raw beauty yield, extracted from the template fit procedure, needs to be cor-
rected for the acceptance of the ALICE detector and the efficiency of the methods
used in this analysis. This includes the efficiency corrections for the track quality
selections, the track matching with EMCal clusters, and the selections used to iden-
tify electrons (the E/p, M20, and norpc_dr/dax requirements). These corrections are
estimated using MC simulations, with the exception of the norpc_gg/ax and M20
electron selection efficiencies. This is done by comparing the number of beauty-decay
electrons in the MC sample before and after a selection is applied. For example, the
track selection efficiency would be calculated by dividing the total number of beauty-
decay electrons in the MC sample after the track quality selections (NpassrrackcCuts)
by the total number beforehand (Ny;). The total efficiency is described by Equation
3.12.

Etotal = E€TrackCuts X EEMCclusterMatch X €EEoPeID X EM20eID X ETPCelD

o NtrackCuts NmatchEMCcluster % NpassE/pCut % NpassM2Ocut NpassTPCeIDcut

Nall Ntrackc’uts NmatchEMCcluster NpassE/pCut NpassMQOcut
(3.12)

The first term describes the efficiency of the track selection criteria, and the second
describes the efficiency of matching tracks to clusters in the EMCal. The third term
is the efficiency of the E/p criterion for electron identification (0.8 < E/p < 1.2),
and the fourth the efficiency of the M20 selection (0.01 < M20 < 0.35). The final
term is the efficiency of the norpc_qr/ax selection for identifying electrons (—1 <
norpc—de/dx < 3). The M20 and norpc_ar/ax selection efficiencies are discussed in
further detail in Sections 3.5.1 and 3.5.2.

It should be noted that the total efficiency does not correct for the limited pseu-
dorapidity range used in this analysis; N,; already includes the requirement that the
beauty-decay electrons lie in the range || < 0.6. However, the EMCal acceptance
is indirectly considered in the second term of the efficiency, since NyaichErceruster 19
limited by the n and ¢ range of the EMCal detector. The efficiency as a whole also

Y

accounts for detector acceptance “holes,” such as gaps between the TPC modules or

dead pixels.
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3.5.1 Data-driven norpc_qgr/4x Selection Efficiency

The MC sample does not accurately reproduce the norpc_gg/ax distribution we see
in data due to differences in the parameter values of the Bethe-Bloch equation and
the mean and sigma of the TPC dE/dx. Therefore, the efficiency of the norpc_qg/ax
selection (=1 < norpe—dg/ds < 3) is not accurately described by MC, and must be
calculated using a data-driven method. This is achieved by plotting the norpc—_de/de
distributions of electrons passing the 0.8 < E/p < 1.2 selection in different p ranges.
These distributions are then fitted with three gaussians, as seen in Figure 3.18. The
blue gaussian describes the electron contribution, the black describes the pions, and
the green describes the remaining protons and kaons. The norpc_gr/ax electron
selection efficiency is then simply the integral of the blue electron gaussian in the

selection region (=1 < norpc—qp/de < 3) divided by the total integral of the gaussian.

3<p <4Gevic 4<p <5GeVic

5<p <6Gevic

‘‘‘‘‘‘‘

LATATEV NG T, <1 Gk T, <2 eV

nnnnnnn

Figure 3.18: norpc—4qe/ 4. distributions after applying the eID cut 0.8 < E/p <12
in different p bins in 30-50% centrality. Three gaussians were fitted to estimate the
true electrons and background. The TPC elD efficiency was estimated by integrating
the blue electron gaussian in the cut region (=1 < norpc_g4g/a: < 3) and dividing by
the total integral of the gaussian.

This method of estimating the norpc_qr/dx electron selection efficiency is not as

reliable at higher pr because the peaks begin to merge together and the statistics
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are lower. This is particularly true in the range from 8-12 GeV/c, where the mini-
mum bias trigger statistics are low, and the very high momentum ranges where the
EG1-triggered events also begin to lose statistics. To account for this, the efficiency
distribution is smoothed by fitting a straight line to the points from 5-26 GeV/c. The
value of the fit line is used for the TPC efficiency for pr > 8 GeV/c (see Figure 3.20).
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Figure 3.20: The data-driven norpc_qgr/ax electron selection efficiency using the data-
driven method (gray) and the norpc—_dg/ax electron selection efficiency using MC. The
left plot is in 0-10% centrality, the right is in 30-50%.

In Figure 3.20, one can see that the data-driven method gives an efficiency that is

about 5-10 percentage points lower than the MC method in the 0-10% measurement.
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In the 30-50% measurement, the reverse is true: the data-driven method gives a

higher efficiency by about 5 percentage points.

3.5.2 Data-driven M20 Electron Selection Efficiency

The efficiency of the M20 selection for electrons (0.01 < M20 < 0.35) was calculated
using a data-driven method to see if the MC M20 efficiency was reasonable. (It is
known that the MC simulation does not reproduce the shower shape in the EMCal
with complete accuracy.) To calculate this efficiency, the E/p distributions of elec-
trons were generated with and without the M20 selection applied. The data-driven
efficiency is then the integral of the electron signal in the region 0.8 < E/p < 1.2 with
the M20 selection applied, divided by the same integral when the M20 selection is
not applied. The E/p distributions without the M20 selection applied can be seen in
Figure 3.21. The results of the data-driven method are reasonably consistent with the
MC efficiency (see Figure 3.22) in 30-50% centrality, but differ in 0-10% by about 2-
8% depending on the momentum considered. The data-driven M20 efficiency is used
in the 0-10% analysis as a result. However, to avoid fluctuations due to the hadron
subtraction in both the numerator and denominator of the data-driven efficiency, the
MC efficiency is used in 30-50%.

3.6 Rejection Factor

As explained in Section 2.2.3.2, the EMCal detector can be used to trigger on events
with large energy depositions > 10 GeV. This ultimately increases the statistics of
high-momentum electrons in the data sample. However, it also artificially increases
events with high-energy particles when compared with the minimum bias trigger.
This can be seen on the left in Figure 3.24, where the cluster energy distribution is
plotted for minimum bias data (open circles) and EMCal-triggered EG1 data (closed
circles).

To correct for this, the number of EG1 events is multiplied by a “rejection factor”
(RF). This factor increases the number of EG1 events so that it matches the equivalent
number of minimum bias events needed to produce the same number of high-energy
particles. The beauty-decay electron yield obtained in EG1 data is then divided by
both the number of EG1 events and the RF. (The beauty-decay electron yield in
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Figure 3.21: The E/p distributions used to calculate the data-driven M20 efficiency
in 30-50%. Both distributions have the cut —1 < norpc—de/de < 3 applied, but the
blue distribution has an additional cut of 0.01 < M20 < 0.35.

minimum bias data, on the other hand, is only divided by the number of minimum-
bias triggered events.)

The RF is calculated by taking the ratio of the cluster energy distribution in EG1
events divided by the cluster energy in minimum bias events (on the right in Figure
3.24). This ratio is then fitted with the function in Equation 3.13.

JrE =po+ Lﬂm (313)

14+e »s

In this analysis, the rejection factor is the value of the fit function at 15 GeV, where
the distribution is a stable plateau. This factor is only valid at high energies where

the “trigger plateau” is present, above 12 GeV. Thus, EMCal-triggered data is only
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Figure 3.23: A summary of the efficiencies in 0-10% (left) and 30-50% (right).

used in this analysis when measuring beauty-decay electrons with pr > 12 GeV/c.
The rejection factor value for 0-10% is 61.282, and for 30-50% it is 229.572.

3.7 pp Reference

In this section, the cross-section of beauty-decay electrons in pp collisions, needed as
the “pp reference” for the nuclear modification factor (Equation 5.1), is discussed.
For pr < 8 GeV /¢, the pp reference is the measurement of beauty-decay electrons in
pp collisions at /s = 5.02 TeV measured with ALICE [80]. Currently, beauty-decay

electrons have not been measured for pr > 8 GeV/c in pp collisions with any detector
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Figure 3.24: Left: the cluster energy of the min bias triggered data (open circle) and
the EMCal-triggered data (closed circle). Right: the ratio of the triggered and min
bias data. The fit line to get the RF value is shown in black. Update with 0-10%
plot as well.

at any energy. Thus, FONLL predictions are used as a reference at high-pr. The

settings used to generate the predictions are listed in Table 3.6.

Table 3.6: FONLL settings

Option Selection

Collider and System LHC (pp, 5.03 TeV), ptmax < 300 GeV
Heavy quark bottom

Cross Section Type do /dpr (pb/GeV)

7 min, max -0.6, 0.6

Hadronic final state B hadron

Further decay B—e B—D-—e
Uncertainties Uncertainty range from scales and masses
Include PDFs uncertainties Yes

Other options Default

This FONLL prediction cannot be used directly as a pp reference, however. Look-
ing at Figure 3.25, one sees that the data measurement at low-pr lies on the upper
edge of the FONLL uncertainty band. Thus, if FONLL is used as a reference at
higher momentum, we risk underestimating the pp reference.

To remedy this issue, the FONLL spectrum is scaled to match the low-pr data
reference. To do this, the ratio of the FONLL distribution to the data reference is

fitted with the function in Equation 3.14. The ratio and fit results can be seen in
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Figure 3.26. The FONLL points are then divided by the value of this fit function at
the pr bin center. The resulting scaled FONLL spectrum can be seen in Figure 3.27.

f=—po+ —2 (3.14)
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Figure 3.25: The pp reference in data for the pr < 8 GeV/c (green) and the FONLL
cross-section. [The prefactor 1/(27pr) is present in the measured cross section in
data, so it is also applied here to the FONLL cross section for comparison.]

The error assigned to the scaled FONLL is calculated by taking the sum in quadra-
ture of the error from the original FONLL prediction and the systematic error of the
scaling. This scaling systematic is estimated by first fitting a straight line to the
ratio plot shown in Figure 3.26 in the momentum region where it is relatively flat
(4-8 GeV/c). The two variations are obtained by varying the straight line fit within
its parameter errors, shown in cyan and red in Figure 3.26.

Since there is a chance that the data points would be in better agreement with
FONLL predictions at high momentum, it was ensured that the error on the scaled
FONLL distribution was large enough to include the original FONLL prediction. This
was true for all p;r > 8 GeV /¢, with the exception of the last momentum bin. There,

the error was increased by a small amount to include the central FONLL point.
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Figure 3.26: The ratio between the FONLL cross section and the low-pr data refer-
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high-pr. The green line is a straight line fit to the data points between 4-8 GeV/c.
The cyan and red lines are used to calculate the systematic error of this scaling
procedure, and are the result of varying the green line within its parameter errors.

T 107
3 g
o T g —o—pp @ 5 TeV, Data
?Ez 10 E g
= = & —e— FONLL scaled w/Fit
bl|o 10 5 @
Blg E =
! nczflo’6 7 =
IS ==
, - o]
wE o]
" o]
10° = C—o
o — E—
10°
-10 B 1 \ 1 \ 1 1 \ 1 1 | 1
107 10 15 20

25
P, (GeVic)

Figure 3.27: The data pp reference for low-pr (green) and the FONLL cross-section
scaled to match the low-pt reference.
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Chapter 4: Systematics and MC Closure Tests

In this chapter, the procedures and tests used to estimate the systematic uncertain-
ties of the analysis methods are discussed. For many of the potential sources of
uncertainty, the cut variation method was used; the selection criteria were varied by
a reasonable amount and the effect on the final yield of beauty-decay electrons was
examined. When this course of action was impossible, MC closure tests were used
instead to estimate the uncertainty.

The checks done to look for systematic uncertainties are organized into seven sec-
tions. Section 4.1 details the potential uncertainty from the track reconstruction.
Sections 4.2 and 4.3 include the uncertainties due to the data-driven hadron and
photonic electron removal. Section 4.4 discusses the uncertainty from the W decay
electron background. Section 4.5 details the potential uncertainties introduced by the
corrections to the MC templates. Finally, Sections 4.6 and 4.7 detail the variations
and closure tests used to make sure the fitting routine is robust and produces rea-
sonable errors. From these studies, a pr-dependent systematic uncertainty of 24-16%
(18-14%) was assigned for the beauty electron yield in 0-10% (30-50%) Pb-Pb colli-
sions. See Table 4.1 for a summary of the systematic uncertainties. The uncertainty

on the pp reference used to calculate the R44 is discussed in Section 3.7.

4.1 Track reconstruction

The systematic uncertainty due to track reconstruction was estimated by varying
the required number of TPC clusters for the tracks. The variations tested were 70,
90, and 100 clusters (the number used in this analysis is 80). For each variation, the
analysis was repeated and the beauty-decay electron yield compared to the yield with
the default TPC cluster requirement. The differences are shown in Figure 4.2 for the
30-50% centrality results. The systematic uncertainty assigned from this procedure

was 2% in semi-central collisions. In central collisions, the variation was negligible.
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Source 0-10% 30-50%

D weight 1% (p1<20 GeV/c) | 5% (pr>20 GeV/c) 1%
B weight 10% (p1<6 GeV/c) 3% (pt>6 GeV/c) 10% (pr<6 GeV/c) 5% (6<pT<8 GeV/c)
Do ratio correction 5% 2%
PID 7% (pr<12 GeV/c)  10% (pr>12 GeV/c) 5% (pr<6 GeV/c) 8% (pr>6 GeV/c)
TPC nClusters negligible 2%
Hadron E/p scaling region 1% (p1<12 GeV/c) 3% (pr>12 GeV/c) 2% (pr>8 GeV/c)
Hadron scale factor error 4% (pr>8 GeV/c) 4% (pr>8 GeV/c)
roneHFs subtraction Partner e cuts: 2% (3<pr<4 GeV/c) Partner e cuts: 6%
Tagging efficiency: 2% Tagging efficiency: 2%
Fitting consistency negligible 5%
non-HFe Closure Test 20% decreasing to 6% with pr 10% decreasing to 2% with pr
W contribution 5% (18<pT1<26 GeV/c) 5% (18<pr1<26 GeV/c)
Total 24% decreasing to 16% with pr 18% decreasing to 14% with pr

Figure 4.1: A summary of the systematic uncertainties of the beauty-decay electron
yield in Pb-Pb collisions.

4.2 Hadron background removal

In this section, the systematic checks on the hadron background estimation are dis-
cussed. The hadron contamination estimation was tested by 1) varying the electron
identification cuts and 2) varying the E'/p scaling factor used to normalize the hadron
DCA distribution.

Varying the electron identification selections increases and decreases the hadron
contamination to be subtracted from the sample, providing a good stress test of
the hadron subtraction method. It also tests the procedure used to calculate the
efficiency of the electron identification selections. In this case, the E/p, M20, and
norpc—de/de Selections used to identify electrons were varied. With these variations,
it was challenging to separate true systematic shifts from statistical fluctuations and
decide which variations to take into account. Thus, only the variations which resulted
in differences greater than ~ 1.50 were included in the systematic uncertainty esti-
mation. Here, o was approximated as /02, — 036 Faults where 0gefaur and oy, are
the statistical uncertainties of the beauty-decay electron yield with the default and

varied electron selections. The different variations considered are listed in Table 4.2.
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Figure 4.2: The ratio of the beauty-decay electron yield obtained after varying the
number of TPC clusters compared to the default (80 clusters).

The uncertainty related to the electron selection variations in 0-10% centrality were
™% for pr < 12 GeV/c and 10% above. In 30-50% centrality, the uncertainty was
5% for pr < 6 GeV/c and 8% above. An example of the effect of these variations for

30-50% semi-central collisions is shown in Figure 4.3.

Table 4.1: Variations of the electron identification requirements, 0-10%

min F/p min norpc_ar/ax  max M20, 0-10%

0.9 -1 0.35
0.8 -0.5 0.35
0.8 -1 0.3
0.8 -1 0.4
0.9 -1 0.4

Table 4.2: Variations of the electron identification requirements, 30-50%

min F/p min norpe_qr/ax  max M20

0.8 -1 0.3
0.8 -1 0.4
0.8 -1.5 0.35
0.9 -1 0.35
0.9 -1 0.4

The procedure to estimate the amount of hadron contamination using the hadron

and electron candidate F/p distributions was also varied to estimate systematic un-
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Figure 4.3: The ratio of the beauty-decay electron yields in 30-50% centrality with
different variations of the E/p, norpc—ar/dz, and M20 electron selection criteria to
the default values.

certainty. The hadron F/p distribution is scaled so that its integral in a specific E/p
range matches that of the electron candidates. This range, referred to as the “E/p
scaling region,” was shifted by +0.1 and the full analysis was repeated to see the
effect on the final beauty electron yield. An illustration of this scaling region shift
is shown in Figure 4.4. From this variation, a systematic uncertainty of 1-3% was

assigned, depending on the centrality and pr.
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Figure 4.4: Tllustration of shifting the scaling region for 4 < pr < 5 GeV/c in 30-50%
centrality. The scaling region is highlighted in yellow.

The factor used to scale the hadron E/p (“scaling factor”) can be expressed as
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follows:

Integral of electron candidate E£/p in scaling region

Scaling factor = (4.1)

Integral of hadron E/p in scaling region
To further test the hadron scaling factor procedure, this scaling factor was varied
according to its statistical uncertainty, propagating the errors of both the numerator
and denominator of the equation. An example of the effect of this variation on the
beauty-decay electron yield is shown in Figure 4.5 for 30-50% centrality. The low-pt
results are not affected by the variation, as the hadron contamination in that region
is very low. Two straight lines were fitted to the data for low- and high-momentum
separately to see the general trend. From the fit lines, a 4% systematic uncertainty

was assigned for the high-momentum range pr > 8 GeV/c (Table 4.1, “Hadron scaling

factor”).
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Figure 4.5: The beauty-decay electron yield results after varying the hadron E/p
scaling factor within its statistical uncertainty. Lines have been fitted to the ratio for
pr < 10 GeV/c and pr > 10 GeV/ec.

Finally, variations of the hadron norpc < —4 selection were performed to see if

it has a systematic effect on the final results. The concern was that this selection
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contains protons and kaons as well as pions, when the true contamination in the
electron sample is mostly pions (see Figure 3.18). It may be that the E/p and
DCA of the pions contaminating the electron sample has a different shape than the
combination of hadrons selected with the notpc < —4 criterion. The alternative
norpc selections tested are listed in Table 4.3. The effect on the beauty electron
yield was negligible, so no systematic uncertainty was assigned based on the hadron

selection criteria.

Table 4.3: Hadron nortpc selection variations

Variation norpc cut
Default norpc < —4
Widened cut norpc < —3.5
Pion-rich —4.5 < notpc < —3.5

Proton/kaon rich —6.5 < norpc < —4.5

4.3 Photonic Electron Subtraction

The invariant mass method of estimating the photonic electron contribution was
varied by 1) changing the partner electron selection criteria and 2) recalculating

Y and

the tagging efficiency for the individual sources of photonic electrons (v, =
n). Finally, the invariant mass method was tested using a closure test, described in
Section 4.3.1.

First, the partner electron criteria used in the invariant mass method of identi-
fying photonic electrons were varied. The default criteria are pr > 0.3 GeV/c and
noTpc—de/dx > —9, and the variations increase and decrease the minimum pr and
norpc—de/dx- Lhe ratio of the beauty electron yield with the variations divided by
the default yield is shown in Figure 4.6. Based on the mean and spread of values
obtained with the partner electron variations, a systematic of 2% (6%) was assigned
in central (semi-central collisions).

In addition to varying the partner electron criteria, the photonic electron tagging
efficiency calculation was repeated to see whether it is different for different sources of
photonic electrons (v, 7%, and 7). Their individual tagging efficiencies vary slightly,
as can be seen in Figure 4.7. To account for this difference, the final beauty-decay

electron yield was recalculated using the three tagging efficiencies (from each source).
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Figure 4.6: The difference in beauty-decay electron yield when the min pr and
NoTpc—dE/dx requirement for the partner electron are varied in 30-50% centrality.

The effect can be seen in Figure 4.8; a 2% systematic was assigned to account for the

tagging efficiency variation.
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Figure 4.7: The tagging efficiencies of electrons from the different photonic electron

sources: v (red), my (gold), and 71 (green). The total (default) tagging efficiency is in

blue.

4.3.1 Photonic electron closure test

Photonic electrons can be produced via conversion processes in the detector medium,

so their production radii from the primary vertex can vary over a relatively wide
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Figure 4.8: The variation in the beauty yield when the tagging efficiency of the
individual sources of photonic electrons are used. The gold distribution corresponds to
considering only the ¥ electrons, the green to 7 electrons, and the red to «y electrons.

range. This can be seen in Figure 4.9, where the production radius distribution of
photonic electrons in MC simulations is shown. The peak at r = 0 corresponds to
photonic electrons from Dalitz decays, since the mother 7% and 7 mesons are short-
lived. The other peaks correspond to the position of the beam pipe and I'TS detector

layers, where photonic electrons from conversion processes are produced.
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Figure 4.9: The production radius (in cm) of photonic electrons in 0-10% MC sim-
ulations. All photonic electrons are in red, photonic electrons “tagged” using the
invariant mass method are in black.

Photonic electrons with small production radii tend to have a small DCA, while
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those produced deeper in the detector material have a large DCA. Thus, it is impor-
tant to check whether the method of obtaining the photonic electron DCA preferen-
tially selects photonic electrons based on their production radius. This could cause a
bias in the shape of the photonic electron DCA.

To check this, the photonic electron tagging efficiency was calculated as a function
of the production radius (Figure 4.10). There is a large dependence; the efficiency
decreases from around 70% at small production radii to almost 20% at r = 30 cm.
The obvious solution would be to apply the tagging efficiency as a function of both
pr and the production radius; however, the production radius of electrons in data is

unknown, so this solution cannot be implemented.
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Figure 4.10: The photonic electron tagging efficiency as a function of production
radius (in cm). The blue distribution is after applying the my and 7 weights described
in Section 3.3.3.2.

Instead, the possible effect of the production radius bias is estimated using a “MC
closure test.” A closure test involves repeating the analysis steps in a MC sample and
seeing whether the method reproduces the true value. In this case, the invariant mass
method of estimating the photonic electron yield and DCA was performed in the MC
sample and compared with the true photonic electron yield and DCA. It was found
that although the photonic yield matched the true yield within 5% (Figure 4.11),
the photonic electron DCA produced using the invariant mass method was much
narrower than the true distribution. This can be seen in Figure 4.11, where the DCA

distribution obtained using the invariant mass method is divided by the true DCA.
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Figure 4.11: Left: The photonic electron yield in a MC sample calculated using the
invariant mass method compared with the true yield. Right: Ratio of the photonic
electron DCA distribution obtained using the invariant mass method divided by the
true distribution. The DCA distributions were not normalized before dividing.

To estimate the ultimate effect on the beauty-decay electron yield, this closure
test was extended to include the fitting procedure. The steps are as follows: the true
photonic electrons were combined with true charm- and beauty-decay electrons such
that the fraction of photonic electrons to heavy-flavor electrons roughly matches what
is estimated in data (Figure 4.12). Then, the photonic electron DCA distribution
obtained using the invariant mass procedure in the MC sample was subtracted from
the combined true photonic and heavy-flavor DCA. Finally, the beauty-decay electron
yield was obtained by fitting with templates and compared with the true beauty-
decay electron yield. The ratio of the two is shown in Figure 4.13. To extract the

pr-dependent systematic uncertainty, this ratio was fitted with Equation 4.2.

f(pr) = Py + ePrtPerr) (4.2)

The resulting parameters are listed in Table 4.4. In 0-10% collisions, the systematic
uncertainty is 20% at pr = 3 GeV/c and decreases to 6% at high momentum. In
30-50%, the uncertainty is smaller: 10% at pr = 3 GeV/c and decreasing to 2% with

increasing momentum.

92



Fraction

09}

0.8

0.7

06—

05

0.4

0.3

0.2

0.1

Fraction in Closure Test DCA

E e b->efall
« c->efall
true non-HFe/all

(red and blue points overlap)

= ——
i
=
] ! | ] 1
5 10 16 20 5
pT(GeZVIc)

Figure 4.12: Fraction of the beauty-decay (red), charm-decay (cyan), and photonic

electrons (gold) combined for the photonic electron closure test.

—— Fit/True

7
i
it

e 14 o 14r
& F g f
1.3 0-10% 1.3
- Fit/True F
1.2f
N
:\
1.1_—+++
0,95— 0.9F
O.BIf— 0.8F
0.72— 0.7
a | | M| " IR :n P P IR
06 0.6 o

(4]

20 25
P, (GeV/g)

15 20 25
p. (GeV/c)

Figure 4.13: Ratio of the photonic electron DCA distribution obtained using the

invariant mass method divided by the true distribution.

Right: 30-50% centrality.

4.4 W background

Left: 0-10% centrality.

At high-momentum, the background source of electrons from W decays is no longer

negligible. From previous studies [53], the contribution is estimated to be 20% at

pr = 26 GeV/e, though it falls quickly as one goes to lower momenta. To estimate

the potential effect of the W background on this analysis, a closure test was performed
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Table 4.4: Fit parameters used for the systematic uncertainty from the photonic
electron closure test

Parameter No. 0-10% 30-50%

0 1.06307 1.01994
1 -0.442010 -0.802139
2 -0.433046 -0.471058

(similar to the one described in Section 4.3.1). In this test, the DCA of heavy-flavor
decay electrons combined with Dalitz decay electrons were fitted with the charm and
beauty templates and the fit result compared with the true beauty-decay election
yield. In this case, the Dalitz decay electrons served as a proxy for W decay electrons,
since both W bosons and 7 and 1 mesons decay close to the primary vertex and
generate very narrow electron DCA distributions. (The decay lengths of the W, 7,
and 7 are approximately 9.5 x 107%, 25.5, and 0.15 nm respectively.) The fraction
of electrons from Dalitz decays included in the sample is shown on the left in Figure
4.14 and is consistent with the W decay electron fraction in [53].

A comparison of the fit results and the true beauty-decay electron yield is shown
on the right in Figure 4.14. Though the W decay electron fraction is quite large in
the final pt bin, the effect on the beauty-decay electron measurement is less than
5%. To account for this small effect, an additional 5% systematic uncertainty was
assigned for 18 < pr < 26 GeV/ec.

4.5 MC Template Corrections

A number of corrections need to be applied to the templates because the MC sample
differs from data, as discussed in Section 3.4.2. This includes applying weights to
correct the pr distributions of the mother B and D mesons of the electrons and
correcting the ratio of the different mother charm species in the charm templates.
To estimate the systematic uncertainties of the template corrections, the D meson
weight, B meson weight, and the ratio of the different charm species were varied.
The B meson weighting relies on the choice of the theoretical prediction used to
estimate the B meson Raa. To cover a reasonable range of possible values, the
TAMU [147] B meson Raa was varied by adding half the difference from unity:

RY9 = RIAMU 0.5 (1 — RIAMU). The variation in the TAMU prediction is shown
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Figure 4.14: Left: Fraction of Dalitz-decay electrons (used as a W decay electron
proxy) used in the closure test to estimate the effect of the W decay electron back-
ground. Right: The effect of the W decay background on the beauty-decay electron
yield in the closure test.

at the top of Figure 4.15 for both 0-10% and 30-50%. An example of the effect
on the beauty-decay electron yield is shown at the bottom of the figure for 0-10%
centrality. The uncertainty assigned to the beauty-decay electron yield due to the
B meson weighting procedure is 10% for pr < 6 GeV/c in both centrality ranges.
In 0-10% centrality, the uncertainty is 3% for pr > 6, and in 30-50% centrality, the
uncertainty is 5% for 6 < pr < 8 GeV/c. The B meson weight is one of the largest
sources of systematic uncertainty at low pr (< 6 GeV/c).

To test the systematic uncertainty of weighting the D meson spectrum in the
charm template, the D meson weight is “tilted” within the error bars of the D° meson
data measurement [36]. In other words, the slope of the measurement is changed as
much as possible while staying within the error bars (systematic and statistical errors
added in quadrature). The variation of the D® meson data measurement can be seen
in Figure 3.13. The ratio of the beauty-decay electron yield with these variations
can be seen in Figure 4.16. In central collisions, a systematic uncertainty of 1% was
assigned for pr < 20 GeV/c and 5% for higher pr. In semi-central collisions, a flat
1% uncertainty was assigned for the D meson weight procedure.

The charm template also includes corrections so that the &¢. 2= and g—z of the
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Figure 4.15: Top: Variation of the 0-10% (20-40%) TAMU B meson Raa used for
the 0-10% (30-50%) beauty electron yield systematics. Bottom: The ratios of the
beauty-decay electron yield used for the B weight systematic uncertainty estimation
in 0-10% centrality.

electron mothers in the charm template match what is seen in data measurements

with ALICE. The gg and g—z data measurements are roughly constant in pr, so a
flat line is fit to the data and a single value used for the charm templates in the full
pr range. To obtain the systematic uncertainty, the value obtained from the fit are

varied according to the error of the fit parameters (see Figure 3.16). In the case of the

%, the fraction value was varied between 0.79 and 1.39 according to the uncertainty
of the &¢ measured by ALICE in [149]. These ratios in the charm templates were
varied individually and in tandem, and the effect on the beauty-decay electron yield
was used to estimate the systematic uncertainty. Figure 4.17 shows an example of the
effect on the 30-50% semi-central measurement. From the spread in the variations, a

systematic uncertainty of 5% (2%) was assigned for central (semi-central) collisions.
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Figure 4.17: Effects of varying the D° ratio corrections in the charm template on the
30-50% beauty-decay electron yield.

4.6 Fit stability

The fitting routine was also varied to test for potential sources of systematic uncer-
tainty. These include the effect of using different DCA binning sizes and different
DCA fit ranges (Figure 4.18). The default bin size in this analysis is 0.002 cm, and
was varied to 0.0005, 0.001, 0.004, and 0.008 cm to test the stability of the fit. The fit
range was varied by fitting in the central part of the DCA distribution, rather than in
the full range of —0.2 < DC'A < 0.2. The fit range variations are —0.1 < DC'A < 0.1
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cm and —0.15 < DC'A < 0.15 cm . In 0-10% centrality, the effect of these variations
on the beauty-decay electron yield was negligible. In 30-50%, a systematic uncer-
tainty of 5% was assigned based on the spread of the beauty-decay electron yields

obtained with the varied bin sizes and fit ranges.
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Figure 4.18: Effects of varying the DCA bin size and the DCA fit range in 30-50%
on the beauty-decay electron yield.

4.7 Weighted Log-likelihood Fit & Errors

As mentioned in Section 3.4, a weighted log-likelihood fit was performed to fit the
templates to the heavy-flavor electron DCA distribution. To test this fitting method,
several closure tests were performed; heavy-flavor electron DCA distributions were

created using MC with a known beauty contribution. These DCA distributions were
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then fitted with the templates using the weighted log-likelihood fit, and the results
evaluated against the true number of beauty-decay electrons.

The heavy-flavor DCA distributions produced had a similar number of entries
as minimum bias data, reproducing some of the statistical fluctuations of the true
measurement. The beauty- and charm-decay electrons were weighted according to
their mother pr and the D° ratio corrections were applied (the same corrections that
are applied to the templates). In addition, the charm electron contribution was scaled
in such a way that the beauty-decay electron over heavy-flavor decay electron ratio
was roughly 50%. The fit results are compared with the true beauty electron number
in Figure 4.19. There, one can see that the ratio of the two is consistent with unity
within the error bars, which are given by the fit parameter uncertainty. This test was
repeated with higher fraction of beauty-decay electrons (60%) and the results were

also consistent with the true yield (see Figure 4.19).
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Figure 4.19: The fit results of the closure test compared to the true number of beauty
electrons. The black (red) points are from a closure test in which 50% (60%) of the
heavy-flavor electrons were from beauty decays.

The final test was to repeat the closure test with separate sub-sets of the MC
sample and see if the parameter uncertainties given by the fits are reasonable given
the spread of values. This was done for three sub-sets with no overlap of the simulated

events. Each sample had a similar number of events, and the beauty and charm
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electrons were added such that the beauty electron fraction was about 50%. The

results are compared with the true beauty-decay electron yield on the left in Figure
4.20.
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Figure 4.20: Left: The fit result/true number of beauty electrons for each of the
closure test trials. Right: The difference in the fit yield to the true beauty-decay
electron yield, divided by the fit parameter uncertainty.

The results of the fit of all three samples/trials are reasonably consistent with
the true number of beauty electrons. To see whether the errors from the fit are
reasonable, the (fit yield - true yield)/o was calculated and is shown on the right in
Figure 4.20. In this case, the ¢ is the parameter uncertainty given by the fit routine.
In this test, we see that 18 points (66.7%) are within 1o and 25 points (92.6%) are
within 2¢. This is roughly what one would expect, and gives a sanity check for the

error bars given by the weighted log-likelihood fit.
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Chapter 5: Results

In this chapter, beauty production, measured via the beauty-decay electron yield
in Pb-Pb collisions at /syy = 5.02 TeV will be presented along with the nuclear
modification factor calculated using the pp reference detailed in Section 3.7. The

results will be compared with other measurements and theoretical models.

5.1 Beauty-hadron decay electron yield

Figure 5.1 shows the beauty-decay electron yield in 0-10% central collisions and 30-
50% semi-central Pb-Pb collisions. The measurement is performed using minimum-
bias triggered data for pr < 12 GeV/c and EMCal-triggered EG1 data at higher
momentum. With the two triggers, the measurement extends from pr = 3 GeV/c to
26 GeV/c, reaching a higher momentum than previous studies. (Past measurements
of beauty-decay electrons only reached pr = 8 GeV/c [45].) The measurement is also
shown here for the first time in two separate centrality ranges (0-10% and 30-50%),
where the previous measurement in ALICE was performed in 0-20% alone. This
allows us to test whether the energy loss of the beauty quark is dependent on the
centrality of the collision.

Included in Figure 5.1 is a preliminary measurement (black) of the beauty-decay
electron yield at low momentum (2 < pr < 8 GeV/c) in 0-10% centrality, also
performed in Pb-Pb collisions at /syy = 5.02 TeV using the ALICE detector. In this
measurement, the electrons were identified using information from the TPC and TOF
detector [150], which is better suited for measurements of low-momentum electrons.
This measurement is complementary to the work performed in this thesis, which used
the TPC and EMCal detectors. The TPC-TOF measurement had a slightly different
analysis procedure than the one described in this thesis, using four MC templates to
extract the beauty contribution to the total electron DCA. This procedure was also
used in the previously published ALICE measurement at |/sxy = 2.76 TeV, discussed
in Section 5.2.1.

The measurement performed in this thesis is in good agreement with the TPC-

TOF results in the region of overlap (3 < pr < 8 GeV/c), despite the difference in the
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particle identification detectors and analysis methods. Taking the two measurements

together extends the pr reach even further to cover the range 2 < pr < 26 GeV/c.
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Figure 5.1: The momentum distribution of beauty-decay electrons (red) and pp ref-
erence (green) in 0-10% central collisions (top) and 30-50% semi-central collisions
(bottom) from this thesis. The black distribution in 0-10% is the beauty-decay elec-
tron yield measured using the TPC and TOF detectors.
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5.2 Nuclear modification factor: Energy loss in
the QGP

As discussed in Section 1.6, the nuclear modification factor R compares the momen-
tum distribution of particles in heavy-ion collisions with the momentum distribution
of the same particle in pp collisions. If beauty quarks lose energy as they traverse
the QGP in a heavy-ion collision, their momentum distribution will be shifted to
lower values w.r.t pp collisions, where a QGP is not formed. This would translate
to an observed suppression of beauty-decay electrons in heavy-ion collisions, and an
Raa < 1.

In order to calculate the Raa, the beauty-decay electron yield is divided by a “pp
reference,” which is also shown in Figure 5.1. Below pr = 8 GeV /¢, the pp reference
is the cross-section of beauty-decay electrons measured in pp collisions at /s = 5.02
TeV. At higher momentum, the reference is adapted from FONLL predictions, as
discussed in Section 3.7. In Figure 5.1, the pp reference cross section is already
multiplied by (Taa), known as the nuclear thickness function. In 0-10% collisions,
the (Taa) = 23.26 + 0.17 mb™!, while in 30-50%, the (Taa) = 3.917 4 0.065 mb~!
[133]. The uncertainty of the (Txa) is not explicitly included in the error bars, but
is noted at the bottom left of Figure 5.1. Since the (Ty) is already applied in the
figures, the red and green distributions show the numerator and denominator of the

Raa respectively; all that remains is to divide:

dNaa/dpr
(Taa) - dopy/dpr

The resulting Raa is shown in Figure 5.2 for both collision centralities consid-
ered (0-10% and 30-50%). The statistical and systematic uncertainties of the Pb-Pb

and pp measurement are propagated as though they are uncorrelated. The pp ref-

Raa = (5.1)

erence normalization uncertainty (2.1%) is combined in quadrature with the (Taa)
uncertainty and reported as boxes at unity.

Several things can be noted at the outset. For one, the production of beauty-decay
electrons in Pb-Pb collisions is suppressed by about a factor of 2 with respect to pp
collisions. This adds to the evidence of previous measurements that the beauty quark

is suppressed and loses energy in the QGP (as discussed in Section 1.6.2.2).
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Figure 5.2: The beauty-decay electron Raa in both 0-10% (green) and 30-50% (red)
centrality.

Another trend seen here is that the beauty-decay electrons in 30-50% semi-central
collisions (with ~ 109 nucleons participating in the collision) appear to be less sup-
pressed on average than in 0-10% central collisions (with ~ 357 participants [133]).
This may be due to the size of the QGP produced in these two types of collisions: the
more off-center 30-50% collisions may produce a smaller QGP for the beauty quarks to
travel through. However, the difference is not significant within the current errors of
the measurement. This is, however, the first measurement of beauty-decay electrons
using the EMCal to aid in electron identification and using data-driven methods to
subtract the hadron contamination and photonic electron contributions to the DCA.
Future measurements may be able to refine the methods to have less systematic
uncertainty. Future studies can also determine the correlation of the systematic un-
certainties in the 0-10% and 30-50% measurements. This would help quantify the
Raa differences in the two centrality classes.

The Raa in 0-10% collisions measured in this thesis can be further extended using
the TPC-TOF beauty-decay electron measurement mentioned in the previous section
(Section 5.1). The Raa obtained using the TPC-TOF method is shown in blue in
Figure 5.3 along with the Raa presented in this thesis in red. The two Raa were
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obtained using the same pp reference and (Tha) values. One can again see that the

two measurements are in good agreement within the region of overlap from 3 to 8
GeV/ec.
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Figure 5.3: The beauty-decay electron Raa in 0-10% from this thesis (red) compared
with the beauty-decay electron Raa obtained using the TPC and TOF detectors
(blue).

5.2.1 Energy dependence: Comparison with 2.76 TeV

The previous measurement of beauty-decay electrons in Pb-Pb collisions performed
with ALICE was at center-of-mass energy per nucleon pair of |/syny = 2.76, and was
conducted for collisions in the 0-20% centrality range [45]. Therefore, it differs from
this thesis measurement in both the energy of the collision (2.76 vs. 5.20 TeV) and
the centrality. We can compare the two measurements to test the collision-energy
and centrality dependence of beauty energy loss.

To disentangle these effects, it helps to consider what is expected from model
predictions and past measurements. First, we expect that the difference in collision
energy would only have a small effect on the Ras. This trend has been seen for D
mesons [36] and charged particles [151], where the Raa at \/sxy = 2.76 TeV and 5.02
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TeV was consistent within uncertainties. The similarity of the Raa’s across different
collision energies was predicted by the Djordjevic model in [82]. In that model, the
Raa of beauty quarks would decrease by about 5% due to the increase in average
medium temperature (which increases energy loss). However, this decrease is mostly
canceled out by a change in the expected momentum distribution of beauty quarks
at higher energy; the harder pr distribution of beauty quarks would increase the R
by about 5%.
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Figure 5.4: Comparison of the R from this thesis with the previous ALICE mea-
surement in 0-20% Pb-Pb collisions at /syny = 2.76 TeV [45].

Since the difference in collision energy is expected to have a negligible effect, we can
assume that any remaining deviations between the previous 2.76 TeV measurement
and the 5.02 TeV measurement in this thesis are mostly due to differences in the
centrality and the experimental methods. Figure 5.4 shows a comparison of the two
measurements. In the limited overlap region, 3 < pr < 8 GeV/¢, the two analyses
are consistent within uncertainties. The 0-10% points are slightly lower, but this is
to be expected given the difference in centrality range. Thus, the analysis routine
described in this thesis compares favorably with published results while allowing a

wider range of momenta to be studied.

106



5.2.2 Mass dependence: Charm and beauty

As was discussed in Section 1.5, we expect that charm quarks will lose more energy
in the QGP medium than beauty quarks due to the mass-dependence of the energy
loss processes. Thus, we expect that the Raa of beauty-decay particles will be higher
than that of charm-decay particles. We can test this hypothesis by comparing this
thesis measurement of beauty-decay electrons (b—e) with previous measurements of
heavy-flavor decay electrons (from both charm and beauty decays: (c,b—e)) [53].
This is shown in Figure 5.5. It should be noted that this is not a direct comparison
of beauty and charm, since the heavy-flavor decay electrons include a certain fraction

of beauty-decay electrons.
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Figure 5.5: Comparison of the beauty-decay electron Ras with previous ALICE
measurements of heavy-flavor decay electrons [53].

Figure 5.5 shows a comparison of the beauty-decay electrons and heavy-flavor
decay electrons in 0-10% collisions. In the plot, the TPC-TOF preliminary measure-
ment of beauty-decay electrons is also included to extend the comparison to lower
momentum. Though the error bars are large, one sees a hint that the beauty-decay
electron Rpaa in 0-10% collisions lies slightly higher than the combined charm- and

beauty-decay electron Rpa at low momentum. At higher momentum, however, the
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two are mostly overlapping, and consistent within the uncertainties.

The overlap at higher momentum is in keeping with theoretical expectations,
and is caused by two factors. The first is that this measurement is not an exact
comparison of charm and beauty; instead, we are comparing beauty-decay particles
with a combination of both charm- and beauty-decay particles. If the beauty-decay
electrons make up a large fraction of the heavy-flavor decay electrons, it would follow
that the two nuclear modification factors would be similar. In fact, it is likely that
the fraction of beauty-decay electrons in the combined heavy-flavor decay electron
sample increases with momentum. This trend has been measured in pp collisions with
ALICE [80, 81], and is shown in Figure 5.6 for pp collisions at /s = 5.02 TeV. This
plot clearly shows that heavy-flavor decay electrons are mostly from charm decays
in 2 < pr < 4 GeV/e, but beauty-decay electrons begin to dominate at increased
momentum. In the pr range between 5-8 GeV/¢, beauty-decay electrons make up

about 60% of the heavy-flavor decay electrons.
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Figure 5.6: Fraction of beauty-decay electrons divided by heavy-flavor decay electrons
(b/(b+c)) versus transverse momentum in pp collisions at /s = 5.02 TeV [80]. The
red dashed lines are the FONLL model prediction and its uncertainty band.

The second reason for the overlap is that the mass-dependent effects of energy loss
become negligible at high momentum [55]. This behavior can be seen in Figure 5.7,

where the theoretical predictions of the beauty- and charm-decay electron Raa are
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shown. (Note that in this case, we are comparing beauty-decay electrons with pure
charm-decay electrons.) In both the Djordjevic [66] and DAB-MOD M&T models
[68], the two distributions begin to merge around pr = 15 GeV/c. This is completely
independent of the composition of the heavy-flavor sample, since here we are com-
paring beauty-decay electrons with pure charm-decay electrons. Even in this ideal

case, we see that the two distributions are expected to overlap at high momentum.
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Figure 5.7: The DAB-MOD M&T [68] and Djordjevic model [66] predictions for
charm- and beauty-decay electron Rax.

Let us now consider these two effects in tandem: at what momentum do we
expect the beauty-decay electron and heavy-flavor decay electron Raa to overlap when
both the higher beauty-decay electron fraction and the reduced mass-dependence of
the energy loss are taken into account? This can be seen in predictions using the
Djordjevic [66] and PHSD [67] models in Figure 5.8. In these predictions, the Raa
of beauty-decay and heavy-flavor decay electrons begin to merge around pr ~ 10

GeV/c. This is consistent with what is seen in Figure 5.5.
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Figure 5.8: The PHSD [67] and Djordjevic model [66] predictions for heavy-flavor
decay and beauty-decay electron Rax.

5.2.3 Model predictions

The energy loss of high-p particles, extracted via model comparisons with the Raa,
can be used to estimate the density of the produced QGP medium. Past comparisons
of RHIC data and a pQCD-based model with medium-modified parton fragmentation
functions found that the initial gluon (energy) densities achieved in relativistic heavy
ion collisions were 30 (100) times larger than in cold nuclei [152]. Similar estimates
were obtained by modeling the QGP as an ultra-dense gluon gas; the experimental
results were consistent with gluon densities of 1,100 per unit rapidity, corresponding
to temperatures over 2 times the critical temperature predicted in lattice QCD and
initial energy densities of 14-20 GeV /fm? [153]. For reference, cold nuclear matter has
an energy density of 0.15 GeV/fm? [18], and lattice QCD predicts a phase transition
around 1 GeV/fm3 [15]. The good agreement between these theoretical models and
Raa results provide evidence that the conditions necessary to form a QGP have been
met, and that the suppression seen in data is consistent with parton energy loss.

The Raa results from this thesis analysis are compared with five theoretical mod-
els: Djordjevic [66], PHSD [67], MC@sHQ+EPOS2 [69], DAB-MOD M&T [68], and
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LIDO [70]. Each has a different approach to reproducing the results of a heavy-ion
collision, as discussed in Section 1.8. PHSD, MC@sHQ-+EPOS2, DAB-MOD M&T,
and LIDO are based on heavy-flavor quark transport modeling, while the Djordjevic
model is based on pQCD calculations of energy loss by high-momentum partons. All
models with the exception of PHSD include heavy-flavor energy loss via parton colli-
sions in the medium and via gluon radiation. (PHSD only considers collisional energy
loss.) The heavy-flavor quarks are hadronized via fragmentation in all the models.
PHSD, MC@sHQ+EPOS2, and LIDO also include fragmentation via coalescence, in

which partons close in phase space bind together to form hadrons.

< 18 T T 7 < 1.8 T T

x 6 E This Thesis B X 6 E This Thesis B
" 10-10% Pb-Pb, |5, = 5.02 TeV ] " | 30-50% Pb-Pb, {5, = 5.02 TeV ]
1.4 - FggngHQ+EPOSZ — 1.4 - +ee PHSD —
[ jordjevi ] [ [0 Djordjevic ]
12 | —e-b(-c)-e 3‘,;’2’_53; M&T s 12 | —-b(-0)-e DAB-MOD M&T s
B EE3 LIDO ] + EE ubo 1
1.0 Py el L0 R L
0.8 Fri) ]
06 ‘ ‘‘‘‘‘ E
0.4 | E
0.2} E

: L L L L L : : L L L L L

0.0 0.0
5 10 15 20 25 5 10 15 20 25

P, (GeVlc) P, (GeVic)

Figure 5.9: The Raa of beauty-decay electrons compared with theoretical models:
Djordjevic [66], PHSD [67], MC@sHQ+EPOS2 [69], DAB-MOD M&T [68], and LIDO
[70].

Figure 5.9 shows the Raa of beauty-decay electrons compared with the model
predictions. Predictions from each model were provided via private correspondence
with the theorists, and are available for both 0-10% and 30-50% centrality with
the exception of MC@QsHQ+EPOS2, which does not include a prediction for 30-50%
centrality. Within the uncertainties of the measurement, all the model predictions are
in agreement with the data points. The MC@QsHQ+EPOS2, PHSD, and LIDO models
are also in agreement with the beauty-decay electron v, measurement, discussed in
Section 1.7 and shown again in Figure 5.10. This shows that the three models provide
a good description of both the energy loss processes measured in the Raa and the

azimuthal anisotropy exhibited in the vy measurement.
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Figure 5.10: The elliptic flow vy of beauty-decay electrons measured in ALICE in
30-50% Pb-Pb collisions [63, 65].

The Djordjevic predictions, in agreement with the measurement, also predicted
a negligible difference in the Raa in collisions with /syy = 2.76 and 5.02 TeV,
discussed in Section 5.2.1. This prediction relied on the assumption that the average
increase in the medium temperature between the two energies is roughly 7%, and that
both collisional and radiative energy loss has a non-trivial temperature dependence.
The T-dependence used in the model is non-analytic, lying between a linear (7") and
quadratic (7?) dependence [82].

At high momentum, the different model predictions begin to merge with the ex-
ception of the PHSD prediction, which tends to dip lower than the other models. This
is interesting, as PHSD is the only model shown here that does not include radia-
tive energy loss, which is dominant at higher momentum. However, PHSD involves
microscopic transport calculations, which are computationally very expensive. From
private correspondence with the theorists, we have learned that at large momentum,
the model can suffer from statistical fluctuations, particularly in the last few points
(at pr = 11, 13, 15, and 17 GeV/c). Thus some part of the deviation from other
models may be due to low statistics. The PHSD model has been used recently to
extract the spatial diffusion coefficient (D;) for the charm quark [154]. The model
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found that 27T Dy ~ 2 at the critical temperature for QGP formation, consistent
with values obtained with lattice QCD calculations.

In 0-10% collisions, the model predictions vary the most for pr < 5 GeV/e. In
this low-momentum region, the different treatments of the medium description and
the hadronization processes can have an effect on the Rpa shape. For example, the
LIDO prediction, which is lower than the other models at low-pr, increases when
only hadronization via fragmentation (not coalescence) is included. This can be
seen in Figure 5.11. In future studies, it will be interesting to see whether smaller
uncertainties will help further discriminate between the models in 0-10% collisions at
low momentum. In 30-50%, the outlook is even more exciting, as the difference in

the model predictions is more pronounced in a wider momentum range.
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Figure 5.11: The Raa of beauty-decay electrons compared with LIDO [70]. The full
LIDO prediction with hadronization via fragmentation and coalescence is in blue; the
prediction with hadronization via fragmentation alone is in orange.
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Chapter 6: Summary and Outlook

Heavy-ion collisions offer a unique opportunity to study the Quark-Gluon Plasma in
a laboratory setting. Though the QGP cannot be measured directly due to its short
lifetime, the physics of the quarks and gluons within the medium can be deduced
by the hadrons and decay products that are ultimately measured by the ALICE
detector. In this thesis, we focused on measuring the physics of the beauty quark
through electrons produced by beauty hadrons. Beauty quarks are useful probes of the
QGP, as they are created very early in the collision process via hard parton-parton
scattering. They experience the full evolution of the QGP and collision without
changing flavor, then decay into particles we can measure with our detectors. They
can be used to study the mass-dependence of different physical processes in the QGP,
particularly energy loss processes. By comparing beauty and charm measurements,
in this case, the beauty-decay electron and heavy-flavor decay electron Raa, we can
test whether the beauty quark loses less energy than the charm quark, as expected
from the mass-dependent effects of energy loss.

The beauty-decay electron Rpa was measured using the excellent tracking and
particle identification capabilities of the ALICE detector. The TPC and ITS pro-
vided the tracking and primary vertex reconstruction necessary to achieve good DCA
resolution. The TPC also aided in the identification of electrons through energy loss
measurements in the detector gas mixture. Finally, the EMCal provided additional
separation power to isolate electrons from hadrons. It was also used to trigger on
events with large energy depositions in the calorimeter material, which improved the
statistics of high-momentum electrons. This allowed us to measure beauty-decay
electrons to a higher momentum than ever before.

To isolate electrons from beauty-hadron decays from other electron sources, two
techniques were used. The first was to remove photonic electrons by using an invari-
ant mass analysis. Electrons that formed unlike-sign pairs with low invariant mass
were subtracted from the sample. After that, the electrons in the sample were mainly
produced in charm and beauty hadron decays. The charm- and beauty-decay elec-
trons were separated by fitting their combined DCA distribution with two templates

made in MC simulations, one for charm-decay electrons and one for beauty-decay
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electrons. This was possible because the two heavy-flavor sources have different DCA
shapes; because beauty hadrons have longer lifetimes before decaying into electrons,
their decay electrons tend to have a wider DCA distribution.

Finally, to calculate the nuclear modification factor, Raa, the beauty-decay elec-
tron yield measured in Pb-Pb collisions was divided by the cross-section of beauty-
decay electrons in pp collisions, scaled by the nuclear thickness function (Tas). The
measured Raa agreed with previous measurements in the region of overlap, validat-
ing the analysis methods used in this thesis. In comparing the measured R in two
centrality classes, 0-10% and 30-50%, we saw a hint that the beauty quark is more
suppressed in central collisions, likely due to a larger QGP medium created in the
most head-on collisions. In addition, comparisons with past ALICE measurements at
\/SnN = 2.76 TeV revealed that the suppression of beauty-decay electrons has a neg-
ligible collision-energy dependence, at least in the overlapping region of 3 < pp < 8
GeV/c. The beauty-decay electron Raa was further compared with measurements
of the heavy-flavor decay electron Raa (from charm and beauty decays). In 0-10%
centrality, there is a hint that at low-momentum (2-5 GeV/c) the beauty-decay elec-
tron Raa was slightly higher, signalling less energy loss in the QGP. This is confirms
our expectations that the mass-dependence of energy loss causes charm to be more
suppressed than beauty. At higher momentum, the fraction of beauty-decay elec-
trons in the heavy-flavor decay electron sample increases, and the mass-dependent
effect of energy loss become negligible. Thus, the two distributions merged at higher
momentum, as expected by theoretical models. Finally, the beauty-decay electron
Raa was compared with various theoretical predictions. There we saw the measure-
ment does not yet have a small enough uncertainty to favor one model over another.
However, this is the first time beauty-decay electrons have been measured at such a
large momentum; future measurements may be able to refine the method to achieve
more discriminatory power. In summary, this measurement supports the conclusion
that 1) beauty quarks lose more energy in the QGP in head-on collisions versus more
glancing collisions due to a larger QGP system size, 2) the suppression of beauty has
a negligible collision-energy dependence when comparing results at sxa = 2.76 and
5.02 TeV, and 3) energy loss of quarks traveling through the QGP is mass-dependent

and the mass-dependence is stronger at low momentum.
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6.1 Outlook and Future measurements

Though measurements of beauty hadrons and decay particles in heavy-ion collisions
have thus far been extensive and impressive, there is more work to be done! Cur-
rently, efforts are underway to measure beauty-decay electrons in a new data sample,
also at /sy = 5.02 TeV, which was taken by ALICE in 2018. This sample includes
centrality-triggered data in addition to minimum bias triggered data. The centrality
trigger selects events with certain signal thresholds in the VO detector, which cor-
respond to specific centrality ranges. In the 2018 sample, central, semi-central, and
peripheral events were separately selected using the centrality trigger. This sample
is expected to provide about 5x more statistics to improve the Raa measurement at
low-momentum. The acceptance and statistics of the measurement can also be im-
proved with the inclusion of the DCal detector, an additional section of the EMCal
located in a different ¢ range. The extra statistics could help determine the extent
of the difference between the beauty-decay and heavy-flavor decay electrons (Figure
5.5) by decreasing the error bars. It would also aid in the comparison of the two
centrality classes, especially if the systematic uncertainty estimation is performed
on the double ratio of the 30-50% and 0-10% nuclear modification factors. Such a
study would let us quantify the suppression in one centrality versus another, while
taking into account the correlated uncertainties of the two measurements. Finally,
the increased statistics may help discriminate between model predictions.

Taking a larger view of the study of beauty physics, the LHC is currently in a long
shutdown (dubbed LS2) to allow for detector upgrades. These detector upgrades,
along with the increased luminosity of the beams in future runs, will allow us to
improve upon beauty measurements. Of particular note is the ITS upgrade [155],
which will improve resolution, allowing better tracking and reconstruction of the
secondary vertices from the decays of beauty hadrons. It is expected to allow us to
measure fully reconstructed B meson decays (via the B* — DOt channel) down to
pr = 2 GeV/c and the A, baryon down to around pr = 7 GeV/c. The B meson
measurement would be a first for ALICE, and the A, baryon measurement has not
yet been performed by any heavy-ion experiment. The comparison of B mesons
(b-+light quark) and A, (udb) will allow us to test the hadronization processes of the
beauty quark, as it is expected that coalescence would increase the relative fraction

of baryons like A, over mesons. Also, the full reconstruction of beauty hadrons will
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allow us to compare with measurements of reconstructed charm hadrons to have a
more direct comparison of the charm and beauty Raa, and thus the mass-dependence
of energy loss. Thus the future of beauty studies in heavy-ion physics is filled with

new possibilities.
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