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At the CERN Large Hadron Collider (LHC), ultra-high-temperature states that ex-
isted in the early universe, known as quark-gluon plasma (QGP), are recreated through
lead nucleus collisions for further study. In particular, heavy quarks (charm and
beauty) are excellent probes because they are produced in the early stages of colli-
sions, where predictions based on perturbative QCD calculations are applicable, and
subsequently interact with the QGP. Therefore, it is important to measure the heavy
quark production at the initial stage of a proton-proton collision, which serves as a
baseline for accurate QGP research.

Since the main production mechanisms of heavy quarks exhibit different az-
imuthal dependencies, the azimuthal correlation of lepton pairs originating from
heavy-quark decays allows us to disentangle their respective contributions. Specif-
ically, there are leading-order (LO) processes where two quarks are emitted in op-
posite directions, as well as neaxt-leading-order (NLO) processes with distinct cor-
relation patterns. At the LHC, due to the high beam energy, changes in the produc-
tion process fractions are predicted because of effects such as gluon saturation and
increased contributions from NLO processes. Thus, studying heavy-quark produc-
tion in proton-proton collisions is essential. Previous studies have analyzed electron
pairs and muon pairs, but these measurements face challenges in removing back-
ground contributions from resonance decays, thermal radiation, the Drell-Yan pro-
cess, and jets.

In this study, we perform measurements using electron-muon pairs in the ALICE
experiment. By using particle pairs with different electric charge lepton flavors, we
can avoid background contributions from resonance decays, thermal radiation, and
the Drell-Yan process. Additionally, due to the large pesudorapidity gap between
ALICE’s electron and muon detectors, contributions from near-side jet events can be
suppressed.

This thesis presents an analysis of the azimuthal correlation of electron-muon
pairs in proton-proton collisions at a center-of-mass energy of 13.6 TeV in the ALICE
experiment. Using simulation data, a basic purity evaluation of single electrons and
single muons was performed, and the azimuthal distribution of electron-muon pairs
was obtained from real data. While the purity of single muons was nearly 100% and
satisfactory, the purity of single electrons, when using standard selection cuts, was
around 20%, indicating suboptimal performance. This result suggests that the se-
lection conditions based on the energy loss in the main central detector need to be
optimized for different transverse momentum ranges. Additionally, we performed
heavy-quark selection using transverse momentum information and applied correc-
tions for geometric acceptance effects using event mixing. The corrected azimuthal
distribution showed a peak on the away side (A = 1), consistent with the expected
contribution from the lowest-order production process.
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Chapter 1

Introduction

1.1 Quantum chromodynamics

Quantum chromodynamics (QCD) is one of the quantum field theories, and the
SU(3) color gauge symmetry theory describes the interaction between quarks and
gluons. In addition to flavor, quarks have three degrees of freedom: color likened
to the three primary colors of light: R, G, and B. Anti-quarks correspond to anti-R,
anti-G, and anti-B. Quarks interact with each other through gluons with eight color
degrees of freedom and form hadrons in color singlet states, which are combinations
of quarks whose color is white. The color degrees of freedom were introduced to ad-
dress the non-existence of violation of the Pauli exclusion principle by color SU(3)
decuplet particles, such as A**(1232) = (u'ulu').

QCD is the extension of QED. QED Lagrangian is derived by requiring U(1)
gauge symmetry for the fermion field i and is described as

T ‘A H T 1 g
Loep = Y Pp(iv"0u —me)pp+e)  Qrfsy Ay — 7FuF! (1.1)
7 7

where the first term is the free particle term, second is the interaction term between
charged particle f and electromagnetic fields, and third is the electromagnetic field
term.

Similarly, QCD Lagrangian is derived by requiring SU(3) gauge symmetry for
the quark field ¥, , and is described as

o _ 1
Lacp =Y Paa(i7"0y — mg)ga + 85 ) Qo Tsap Gyt — ZG;?VGAW (1.2)
7 7

where g; is the coupling constant, the first term is the free quark term, second is the
interaction term between quark g and gluon fields G;?, and third is the gluon field
term. The subscripts g and a, b denote the flavor and color of quarks each other, and
superscript A denotes the color carried by gluons.

1.1.1 Asymptotic freedom

One of the key characteristics that distinguishes QCD from QED is the self-interaction
of gluons as gauge fields. The coupling constant of QED (QCD) depends on the
square of momentum transfer Q*. This phenomenon occurs when field theory in-
cludes vacuum polarization effects from charge (color charge) through higher-order
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loop corrections. In the case of QED, the effective coupling constant is [1]:

o

et (Q*) = ————~ (1.3)
t=ein ()
On the other hands, the effective coupling constant of QCD is expressed as
2
«
(%) = wa(@) = ) 1)
2
,30 =11 - gnf (15)

where y is the renormalization scale, and 7 is the number of flavors.

The coupling constant depends on the renormalization scale, which can be cho-
sen arbitrarily. So, a new constant Agcp that does not depend on Q? and 2 is
introduced.

1 2 1 2y __Po 2
(%) +B(Q%) = ) + B(y*) = Ll (Abep) (1.6)
The leading log approximation (LLA) of a5 using Agcp is given as follows:
4r 127
Xs (Qz) = (1.7)

" Boln (@/23cp) (33 —2n,) In (Q2/ A3y )

Figure 1.1 shows the Q? dependence of the QCD coupling constant. Black line is a
theoretical calculation result including quantum effects up to 5 loops. The theoretical
and measured values are consistent.

0.35 : . . ———ry —
[ tdecay (N3LO) —— ]
N low Q2 cont. (N3LO)
03[ Heavy Quarkonia (NNLO) ++— ]
i HERA jets (NNLO)
0.25 F e*e jets/shapes (NNLO+NLLA) —— ]
T e*e” Z0 pole fit (N3LO) +e— 1
&< [ Pp/pp jets (NLO) +=—
@ o2} pp top (NNLO) +e—
8 [ pp TEEC (NNLO) ]
015 ]
01 F e h
[ — ag(mz?) = 0.1180 + 0.0009 o
0.05 e e
10 100 1000
August 2023 Q [GeV]

FIGURE 1.1: Q dependence of the QCD coupling constant [2]
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Regarding the QED coupling constant, the coupling constant becomes smaller
as the distance increases. Conversely, the QCD coupling constant becomes smaller
at short distances, that is, quarks and gluons influence free particles in the reaction
with large momentum transfer. This property is called asymptotic freedom.

1.1.2 Perturbative QCD

It is difficult to solve the QCD Lagrangian strictly, so the approximation using per-
turbative calculations whose perturbation terms is interaction terms is used. Per-
turbation calculations of physical quantities are generally expressed in the form of
powers of as.

P =cua;+ cztxf + - (1.8)

This is valid in the high energy region where a; < 1,i.e. Agcp < Q. In contrast, it
diverge at low energy region, particularly for Agcp ~ Q.

1.2 Heavy-flavor physics

Heavy flavors (charm and beauty) are quarks with large masses. In high-energy
hadronic collisions, they are mainly generated in initial hard parton scattering pro-
cesses due to the large mass.

tir < 1/mpr ~ 0.05-1.00 fm/c (1.9)

They then evolve into parton showers and become hadrons, collectively known as
fragmentation. Their large mass makes perturbative QCD calculations valid even
atlow pr (myr > Agcp). For example, the calculation of heavy-flavor production
cross section is based on the factorization theorem, which separates into perturbative
and non-perturbative parts (see Figure 1.2).

Ohh—uh = PDF(x,, QZ)PDF(xbr QZ) ® Oab—qq ®

FIGURE 1.2: Charm quark production in proton-proton (pp) colli-

sions. Partonic cross section (Magenta) is a perturbative part. Par-

ton distribution functions (Cyan) and fragmentation function (Yel-
low) are non-perturbative parts.
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1.2.1 Heavy flavors as probes

Heavy flavors are a sensitive tool for studying the physics of strong interactions.
Heavy-flavor measurements in pp collisions are most suitable to test QCD calcula-
tions and serve as baseline for studies in heavy-ion collisions.

The Figure 1.3 and left side of Figure 1.4 show the bb and € production cross
section in pp collisions. It can be seen that the theoretical predictions and measure-
ments agree well within the uncertainty range.

dGbE/dy or dGbB/d” (ub)

140 ALICE

[ pp, Vs=13TeV

[eJALICE
— FONLL

bb -
[@]LHCb, PRL119 (2017) 169901 ]

FONLL

extrap. sys g

e e T =
2 10 L PHENIX pp, y|<1.5 ]
L [ oUATpB.Iyi<15 < ]
S re CDF pp, ly|<0.6 7
10 —
c # ALICE pp E
£ +b—>Dy|<05 ]

[ +b—>D+b—>Ally<0.5

1= ob — Jiy |y|<0.9 3

r dielectron n,|<0.8 1

L b —>ely<0.8 4

ol e o fitwith PYTHIAS |

E v fit with POWHEG‘ E|

107" 2x10” 2 3 4567810 2

s (TeV)

o

FIGURE 1.3: Left: bb production cross section per unit of pseudo-

rapidity in pp collisions at midrapidity as a function of the rapidity.

Right: bb production cross section per unit of rapidity in pp collisions
at midrapidity as a function of the center-of-mass energy [3].

The right side of Figure 1.4 shows the charm quark fragmentation fraction in pp
collisions. The studies regarding baryon-to-meson and meson-to-meson ratio lead
to the understanding the parton distribution function and fragmentation function.

doC/dy <05 (ub)

10°

10?

10

* ALICE
E o PHENIX
+ STAR

FONLL

——— NNLO

101

1 10

(s (TeV)

f(c - hy)

0.4

0.2

T T T T T
[ ALICE, pply| <05 \ ]
[ =(s=13TeV \ B
— = {s=5.02TeV | —
L \ i
L + B factories, e'e’, s = 10.5 GeV | i
,3. +LEP,e'e, Vs=m, | |
F o HERA, ep, DIS 1
[ o HERA, ep, photoproduction } ]
¥ \ 7
L R | i
L& | @ 1
r Laflc] E & WE
i P o B [ o ]
! ! ! ! ! | %20 | !
p° D" D A = = I pt s

FIGURE 1.4: Left: c¢ production cross section per unit of rapidity in
pp collisions at midrapidity as a function of the center-of-mass en-
ergy. Right: charm quark fragmentation fractions in pp collisions
at midrapidity compared with electron-positron and electron-proton
collisions [4].

The fragmentation functions are generally believed to be universal across colli-
sion systems, but the baryon-to-meson ratios of high multiplicity pp and p-A col-
lisions have been shown to differ from those of ee and ep collisions (see Figure 1.5
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and left side of Figurel.6).

(=} I T

2 [ ALIGE pp, /s = 5.02 TeV
+ O

<

rlvl<0.5
r —=&— PRL 127 (2021) 202301
0.8 —&— This paper e NE T N B T E
r —— PYTHIA 8 (Monash) o 07 ' LHCb pp Vs=13TeV ]
H 2o E p.>0 5.4fbt ]
-------- PYTHIA 8 (CR Mode 2) b'< 06F + E
0.6|..... Catania, fragm.+coal.

SH model + RQM
— QCM

osf + A
04f ++++ —

0.4 = gt E
C 0.3F ':‘+ E
e e —— 0.2_(;_2_ ~pp—bB + X, global uncertainty: *'%* —
L T 0.1F ER <:> e'e 7% bb E
.~ E 1
R R !
0 5 10 ° 2 4VELO VE?_O

,DT (GeV/C) Ntracks/<Ntracks >NB

FIGURE 1.5: Left: AZ /D ratio as a function of pT in pp collisions

[5]. Right: AY/BY ratio as a function of the total track multiplicity

measured in the VELO detectors (blue), measured in ete™ collisions
at LEP (purple) [6].

We introduced the differences between ee, ep collisions and pp, p-A collisions
above, but the differences between pp collisions and p-A collisions have also been
measured. The observed differences between pp collisions and p+A or d+A colli-
sions, where the presence of nuclei in the initial state may affect the final production
of observed matter, are called Cold Nuclear Matter (CNM) effects. The right side
of Figure 1.6 is a schematic diagram showing the Bjorken-x dependence of several
phenomena thought to be CNM effects.

PPb (8.16 TeV) pp, PbPb (5.02 TeV)

e R e N e
n —m— CMS, 2<N%"™ <35 ppp ]
b ! ™ : E _ £(NIA) (N)
£ —e— CMS, 185 < N%™ < 250, pPb 7 R(x, A) = T (x, A) [ fH00) Em—
_12f CMS, 0-10%, PbPb - Motion
o T ‘T [ —&— CMS, 0-90%, PbPb ]
+ 11— —
OD C e ¢— CMS, pp ] . .
= osf { —&— ALICE, 0-10%, PbPb 3 Anti-Shadowing
< F g & ALICE, 30-50%, PbPb B
T i
& OBﬁB# | ] x = 0.01 x~04
s & ] X R =1
o T [ B x 0.1 EMC !
02 ﬂ;%m, i . effect
F S i B Shadowing
P I I IV IV IV IV I e
5 10 15 20 25 30 35 40
p_(GeV)

FIGURE 1.6: Left: A /DY ratio as a function of pT in p-A and A-A
collisions [7]. Right: Schematic representation of different types of
nuclear modifications [8].

If these effects exist they can affect the production of heavy flavors and there-
fore must be taken into account for the correct interpretation of heavy ion collisions.
Figure 1.7 shows some example of CNM effects studies.
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o USRI T T T TTTTT T T T 117

% 1.6 ATLAS

I p+Pb 1upb”

[ (su=5.02 TeV

1.4/-¢ ATLAS |y*|<0.5, Glauber, 0-90%
| % ALICE In,/<0.3, MinBias
L # CMS Mgyl<1
1.2

—_

0.8

04 Il Il \\HH‘ Il Il \\HH‘ Il Il \\HH‘
107 1 10 102
p, [GeV]

Rpr

25

[ ALICE

LHCb i
[ p-Pb, \s\=5.02TeV p-Pb/Pb-p, s, =8.16 TeV]
= Non-prompt D° ° B*

2<p <20 GeVic

<> Non-prompt J/{

[+ Non-prompt J/y 0< p, < 14 GeVic
L [l extr. unc.
1.5j p.> 0
1.0 1
[ [7IEPPS16 ¢
0.5 [InCTEQ15 _
r EPPS16* ]
£ [ [ P P Ll A
- -2 0 2 4

y

cms

FIGURE 1.7: Left: The nuclear modification factor of charged hadrons
in p-Pb collisions [9]. Right: pT integrated nuclear modification factor
of D-mesons and ]/ vs. rapidity [10].

Heavy flavors are one of the great probes to study Quark-Gluon Plasma (QGP)
since they experience the medium evolution in heavy ion collisions entirely due to
their early production. In addition, they carry color charge and have larger masses
than the components of the QGP, allowing them to interact with the QGP medium
while remaining distinguishable from it for tracking purposes. To study the prop-
erties of a medium, we need to focus on the collective motion of particles or media
that can be distinguished from the medium. Figure 1.9 shows a part of example of

studying the QGP.

Time: 0fm/c s1fm/c

~10 fm/c ~10'5 fm/c

FIGURE 1.8: The evolution of a heavy-ion collision at LHC energies

[11]
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r T — — —
= o AUCE o (ch) - e lnl<08 pni<12 . S | Same-sign pairs ATLAS i
[ p-Pb,\s =502Tev Charg. part., |7/ <0.8,08<[A7| <16 - 6 | Pb+Pb 5.02 TeV. 1.94 b.1 B 55 GeV i
[ (0-20%)- (60-100%) o u,pgoing-4<n<-2515<pg<5 + Uz 1ev, 1.94n p>o e
0.151 &y Pbgoing-4<<-25,15<g <5 0.2~ 0-10% 7
L —o— ] i
0.1 Q‘H“ . ,
r ot ‘ ] 0.18 |
e f f
0.051 ! - i
[ —— ] |
o ] 0.16 |
S RN NN SRINN N SRTINN HN SRR BN R
1 2 3 4 5 6 iy
P, (GeVic)

FIGURE 1.9: Tools of the medium evolution, two-particle correlations.
Left: Elliptic flow [12]. Right: Azimuthal angular correlations [13].

1.2.2 azimuthal angular correlations in pp collisions

One measurement particularly sensitive to the production mechanism of heavy quarks
is the azimuthal correlation distribution of lepton pairs generated from heavy-flavor
hadron decays. More specifically, heavy-flavor quark pairs can be produced by
leading-order (LO) processes, Flavor Creation (Figure 1.10), characterized by back-
to-back azimuthal correlation of the two quarks, or next-to-leading-order (NLO) pro-
cesses, Flavor Excitation (Figure 1.11) and Gluon Splitting (Figure 1.12), with a differ-
ent correlation pattern [14]. The relative contribution of LO and NLO processes can
be investigated from the azimuthal correlation distribution of the final-state heavy-
flavor particles, and it is possible to set constraints to theoretical models describing
this observable by comparing their predictions to the measurements.

“Flavor Creation”

Proton AntiProton
Underlying Event ____—— VA [N derlying Event
........... P Initial-State

Radiation

FIGURE 1.10: Flavor Creation. The gluons inside the protons fuse

during the collision, producing QQ.Since the momentum of the orig-

inal protons is (0,0, p;) and (0,0, p,), momentum is conserved on the

x-y plane, and the pair-generated QQ is emitted back-to-back, i.e., in
the opposite direction. Therefore, there is a peak at Ap = 7.
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“Flavor Excitation”

Proton

Underlying Event

-----
.....
------

Initial-State /
Radiation
gluon, quark,
or antiquark /

FIGURE 1.11: Flavor Excitation. Heavy quarks that exist as "sea
quarks" inside the proton are "excited" by interactions with partons
in the initial state and appear in the final state.
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FIGURE 1.12: Gluon Splitting. When the high-energy gluons that
emerge from the collision have enough energy to produce heavy
quarks, they can "split" into heavy quarks. Since the gluons split in
the direction they are flying, it is thought that A¢ becomes narrower.

Of course, the measurement works as the baseline of the QGP study. For in-
stance, regarding the right side of Figure 1.9, by comparing with the results of pp
collisions where QGP does not occur, we can see how much the heavy quarks de-
viate from their original orientation after diffusion. If there was diffusion, the peak
width of the back-to-back heavy-flavor muon correlation signal would be broader
than that resulting from pp collisions.

1.3 Electron-muon correlations

The background events in the azimuthal correlation analysis are the contributions
of jets, which are a small concentration of energetic particles, and decays from reso-
nance states. Both have high energies and are therefore difficult to distinguish from
the heavy quark signal. We perform the analysis using the electron-muon pair with
ALICE detectors this time. Figure 1.13 is a signal example of the electron-muon pair.
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FIGURE 1.13: Signal example of the electron-muon pair

By using electron-muon pairs, the background events mentioned above can be
suppressed. Regarding the jet, in the ALICE experiment, there is a large gap in
the rapidity between the detector that identifies the electrons and the spectrometer
that identifies the muons. This allows the contribution of the jet that appears on
the nears-side (A, Ap) = (0,0), to be suppressed. Details of the detector will be
discussed in Chapter 2.
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FIGURE 1.14: Measurements of electron-muon correlations. Left:
Mass distribution with HELIOS [15]. Right: Azimuthal angular cor-
relation with PHENIX [16].

This measurement also allows us to perform clean measurements that suppress
electromagnetic processes conserving the flavor lepton number, as Drell-Yan process
and resonance decays. Figure 1.14 shows previous research using electron-muon
pairs. Many analyses use electron-electron pairs or muon-muon pairs, so the trig-
gers used to acquire data are often suitable for these. Therefore, even if data on both
electrons and muons is acquired, it is not necessarily possible to analyze electron-
muon correlations. In addition, there is little previous research on suppressing the
contribution of jets, which is one of the benefits of using electron-muon correlation,
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because it may not be possible to obtain the benefit depending on the detector ar-
rangement.

1.4 Purpose of my thesis

In this study, we aim to analyze the azimuthal correlation from heavy flavors using
electron-muon pairs in the ALICE experiment. The LHC-ALICE experiment Run 3,
which began in 2022, has been upgraded specifically for heavy flavor measurements.
In addition, the introduction of a new continuous readout has made it possible to
perform electron-muon correlation analysis. In this thesis, we perform an analysis
of the azimuthal correlation of electron-muon pairs in pp collisions, which serves as
a baseline for other collision systems.
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Experimental Setup

2.1 Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is the world’s most powerful circular particle ac-
celerator. Its ring is 27 km long and built at a mean depth of 100 m. It accelerates the
hadrons close to the speed of light and collides them at each collision point (Point
1: ATLAS, Point 2: ALICE, Point 5: CMS, Point 8: LHCb). The energy of the center
mass as of Run 3 is 13.6 TeV for proton-proton collisions and 5.36 TeV for Pb-Pb colli-
sions. O-O collisions are also planned for 2025 runs. The CERN accelerator complex
is shown in Figure 2.1.

The CERN accelerator complex
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// HiRadMat - High-Radiation to Materials // Neutrino Platform

FIGURE 2.1: The CERN accelerator complex [17]
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Protons are gotten by stripping a electrons from a hydrogen atoms. Protons are
injected to the PS BOOSTER (PSB) with 50 MeV, and the PSB accelerates protons to
1.4 GeV. Then, the beam is traveled to Proton Synchrotron (PS) and accelerated to
25 GeV. Next, the beam is sent to Super Proton Synchrotron (SPS) and accelerated to
450 GeV. Finally, the beam reaches to the LHC and is accelerated to 6.8 GeV while
rotating clockwise (or counterclockwise). The bunch spacing is 25 ns.

Figure 2.2 shows the sectional view [18] and picture of the LHC superconducting
dipole magnets. The magnets are cooled to 1.9 K by liquid helium circuits to keep the
superconducting states. Inside there are pipes for both clockwise and counterclock-
wise beams. The pipes maintain the ultra-vacuum states as empty as outer space to
avoid colliding between residual gases in the tubes and the beam.

B I

e T e e & e

FIGURE 2.2: Sectional view [18] and picture of the LHC supercon-
ducting dipole magnets

2.2 ALICE apparatus

A Large Ion Collider Experiment (ALICE) is the only experiment specific to heavy
ion experiments in the LHC. The apparatus (Figure 2.3) consists of central barrel
detectors covering a rapidity region || < 0.9 and forward detectors covering the
region —2.5 <17 < —4.
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L3 Magnet
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FIGURE 2.3: The global view of the ALICE apparatus
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In Run 3, data was acquired at a readout rate of 500 kHz, which is 500 times
faster than in Run 2. To achieve this, several detectors including readout system
were upgraded during Long Shutdown 2 (LS2).

2.2.1 Central barrel detectors

All central barrel detectors are housed inside a large solenoid magnet called L3 mag-
net. The maximum magnetic field is 0.5 T parallel to the beam axis.

Inner Tracking System

The Inner Tracking System (ITS) is a tracker covering || < 1.22 and all azimuthal
angle range. The main functions of this detector are to determine the primary ver-
tex, reconstruct the secondary vertex, and identify low-momentum particles. It also
helps to improve the momentum and angular resolution of particles reconstructed
by the Time Projection Chamber (TPC). It consists of three inner barrel layers of
silicon pixel detector (SPD) and four outer barrel layers (two silicon drift detec-
tors (SDD) and two silicon strip detectors (SSD)). The silicon chip used is CMOS
monolithic active pixel sensors (MAPS) that integrates electronic circuits and silicon
sensors, which make it possible to achieve high resolution (spatial resolution of 5
micrometers) with a low material budget.

&_Outer Barrel

Beam pipe
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FIGURE 2.5: ITS resolution (left) and efficiency(right) [20].
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Time Projection Chamber

The Time Projection Chamber (TPC) is the main gas detector responsible for
tracking and identification of particles in ALICE. It is cylindrical with an outer diam-
eter and length of 5 m, and covers all azimuthal angles and || < 0.9. By applying
a voltage of 100 kV to the central HV electrode installed in the center, a drift field of
400 V/cm is generated in the direction of the end caps on both sides. Charged par-
ticle passes through the TPC while being bent by the magnetic field of the solenoid
magnet. The mixed gas inside the TPC is ionized along the trajectory of the charged
particles, and the drift field induces the electrons to be guided to the readout section
as a signal. The maximum drift time is 92 ns. If the induced signal, i.e., charge, ex-
ceeds a threshold and meets all the required quality criteria, it is called a cluster. The
ionization energy loss, 3D trajectory, and momenta of charged particles are decided
by combining the cluster information and the information of another detector such
as ITS, TOF, etc.

0 ALICE performance
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L - e St pe—————————

1 10 -3 -2 —1 0 1 2 3
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FIGURE 2.7: TPC dE/dx vs Momentum performance plots with Run
2 (left) and Run 3 (right) [22].
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The Multi-Wire Proportional Chambers (MWPC) were used for readout until
Run 2. The readout rate was limited to approximately 3 kHz due to the need to
mitigate distortions in the drift electric field caused by positive ions generated dur-
ing the multiplication process. During the LS2 hardware upgrade, a 4-layer GEM foil
was installed. This design allows amplification to be performed in stages, blocking
about 99% of the positive ion backflow while still achieving the required amplifica-
tion. As a result, the readout rate was significantly improved, enabling continuous
readout.

e®Electrons

Rt A W { elons

FIGURE 2.8: Left: arfield simulation of an electron avalanche in a
GEM foil [23]. Right: Sketch of the working principle of a GEM [24].

Time Of Flight

The Time Of Flight (TOF) plays a role in charged particle identification in inter-
mediate momentum. The coverage is all azimuthal angles and || < 0.9. Particle
identification is performed by calculating 8 using the particle flight time from the
collision vertex to the TOF. The time resolution is about 50 ps.

Custom crates———"""

FIGURE 2.9: Layout of the Time Of Flight [25].
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TOF B

ALICE Performance
Pb-Pb |s, = 5.02 TeV

0
p (GeV/c

-

FIGURE 2.10: TOF Beta vs Momentum performance plot in Pb-Pb at
5.02 TeV [26].

Electro Magnetic Calorimeter

The Electro Magnetic Calorimeter (EMCal) is the shashlik-type lead-scintillator
sampling calorimeter, and enhances the measurement capabilities of high energetic
electrons, photons, jets and so on. The coverage is || < 0.7 and 80° < ¢ < 187°. The
EMCal has additional part which locate about v opposite in azimuthal angle from
the main part. The aim of that is to measure the di-jet emitting back-to-back , so it
is called Di-jet Calorimeter (DCal) when we want to distingwish to the main part of
EMCal. The coverage of the DCal is 0.22 < || < 0.7,260° < ¢ < 320° and |¢| < 0.7,
320° < ¢ < 327°. The energy of photon or electron are measured via the number of
photons produced by the electromagnetic shower.

FIGURE 2.11: Left: Schematic view of the EMCal [27]. Right: Picture

of a single prototype module with four towers [28]. The structure

in which the optical fiber pierces the lead and the scintillator is the
shashlik-type.
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Electrons are identified using the ratio of the energy E measured by the EMCal
to the momentum p obtained by the TPC. In high energy experiments, the following
equation holds true because |p|? > m?2:

E=\/lp?+m;~p, E/p~1 (2.1)

So we can extract electrons by applying the E/p and the no cuts.

2007171 17 UL B BLELELES NLELELE BN BN
180F ALICE, p-Pb, |s, = 5.02 TeV 300k Trigger Egyc” > 11 GeV
1505 [ <0.9 12<pT<14GeWc
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FIGURE 2.12: Electron identification using the EMCal [29].

2.2.2 Forward detectors

The ALICE coordinate system is a right-handed Cartesian coordinate system whose
origin is interaction point 2. The z-axis is the counterclockwise direction around the
LHC, and the x-axis points to the center of the LHC. The side with the muon arm at
z=-1 is called the C-side, and the side at z=+1 is called the A-side.

4
y

V4
#

A-Side .
Shaft-Side C-Side
Muon-Side

FIGURE 2.13: The coordinate of the ALICE apparatus
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Fast Interaction Trigger

The Fast Interaction Trigger (FIT) is a new detector composed of Cherenkov ar-
rays and plastic scintillators. It comprises three subdetectors: FT0, FV0, and FDD.
The main role of the FIT is luminosity monitoring and providing plenty of trigger
menus based on minimum-bias and centrality-based triggers. FIT serves data on
the precise collision time for TOF particle identification. It also gives us the global
collision parameters such as centrality and event plane.

FV0 scintillator detector
22sns5.0
4.5 m away from (P

FIGURE 2.14: Layout of the Fast Interaction Trigger [30].

The following bullet points are brief summary of the sub detectors” components;
characteristic; main roles:

e FT0: Two Cherenkov arrays on both sides; Low latency, Time resolution of
26 ps for minimum-bias pp collisions; Minimum-bias and centrality trigger
generation, Collision time and vertex position calculations.

¢ FVO0: Five scintillator rings; Low latency, Large coverage, Time resolution of
about 250 ps; Background monitoring, Multiplicity trigger.

¢ FDD: Two scintillator arrays, two layers each; very forward rapidity; Tagging
diffractive events, Background monitoring.

Cable-induced latency limit the use of the FDD as an online trigger detector [31].

Muon Forward Tracker

The Muon Forward Tracker (MFT) consists of the silicon pixel sensors covering
all azimuthal angles and —3.6 < 1 < —2.45. The MFT uses the same silicon chips
as the new ITS. This detector is added improving vertexing capabilities to muon
tracking at forward rapidity. We match muons before and after the absorber. We
match muons before and after the absorber using MFT (before) and MCH (after).
Using the MFT information, we can reduce the influence of multiple scattering in
the absorber and get the precise azimuthal angle and rapidity.
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FIGURE 2.15: Layout of the Muon Forward Tracker [32].

Muon Spectrometer

Muon detectors are located in the forward rapidity region. There are two ab-
sorbers and two kinds of detectors. Regarding absorbers, There is a front absorber
for suppressing particles except muons coming from the interaction vertex and an
iron wall to vetoing particles except muons coming from multiple scattering with
the front absorber.

CENTRAL PART

Dipole

TRK4 TRKS5 TRG 1 TRG 2

| I

Iron wall
Low angle
absorber

I I —

S\

Rear absorber

FIGURE 2.16: Layout of the Muon Spectrometer, MCH and MID [33].

Muon CHamber
Muon CHamber (MCH) is the muon tracking system. The MCH requires a
spatial resolution better than 100 mm and achieves the resolution by reducing
material budgets (< 3% Xy per chamber [34]) to minimize the muon scattering.
Xp means a radiation length.
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Muon IDentifer
Muon IDentifer (MID) is the detector located at the very end of the muon spec-
trometer. It serves as the muon trigger system. The MID has a < 25 ns time
resolution since it must be possible to distinguish 25 ns bunch crossings.

2.2.3 Online-Offline Computing System O?

The measurements in the ALICE Run 3 focuses on precise measurements and studies
of the QGP via rare probes including heavy-flavor particles. In conventional trigger
measurements, it was difficult to access rare event probes with small S/B ratios. In
ALICE, data taking with continuous readout has been performed since Run 3. This
makes it possible to avoid trigger dead-time and enables measurements with high
statistics that do not miss rare events. On the other hand, the data rate of heavy
ion collision events is 3.4 TB/s. From a readout and storage perspective, we need
as fast and massive compression of the data flow as possible. The new introduced
computing system achieving such huge amount of data handling is O?.

Detectors send data as a continuous stream, so the problem is how to synchronize
the data between detectors and how to split the data. For triggered measurements,
data coming from the same trigger can be grouped together. O2 uses dedicated time
markers to split these data flows into manageable pieces called time frames (TFs),
and synchronizes, aggregates and buffers the data relative to the LHC clock.

A two-step online data reduction is performed. Data from each detector is col-
lected by First Level Processors (FLPs). The collected data is then reduced back-
ground hit by identifying TPC clusters (charge deposits along the particle trajectory
through the TPC gas). This reduces the data volume by a factor of 2.5. The data is
then merged, split into sub-time frames (STFs), and buffered until it is sent to Event
Processing Nodes (EPNs), where online tracking and reconstruction are performed.
The raw data is replaced with these corrected data and saved in storage.
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Analysis

The real data used in this study are part of the minimum-bias data for 13.6 TeV
proton-proton collisions taken by the ALICE experiment in 2022. These data are
taken by the continuous readout, i.e., trigger-less measurements, but some bias oc-
curs during data processing. That’s why it’s called minimum-bias data rather than
no-bias data. In terms of Monte Carlo data, event generation in 13.6 TeV proton-
proton collisions, detector response of ALICE using Geant4, Geant3, and /or FLUKA,
and digitization such as detector output are simulated. After experts calibrate and
reconstruct the data, we extract the events, tracks, and particles we are interested in,
and then physical quantities are calculated.

3.1 Event selection

Events in good condition are skimmed. The requirements are :

IsTriggerTVX — This is a condition of FT0 vertex at trigger level. Checking
whether the time difference between FTOC and FTOA is acceptable. This corresponds
to the minimum-bias trigger in Run 2 of the trigger measurement. Return true when
the event is good.

NoTimeFrameBorder — The aim of this cut is to reject collisions close to time
frame borders due to incomplete TPC drift volume. Data depletion was observed
near the time frame border, and this occurred from values very close to the TPC drift
time (Figure:3.1). To avoid such regions, bunch crossings are checked to determine
whether they are far from the time frame borders. Return true when the event is
good.

NoITSROFrameBorder — The aim of this cut is to reject events affected by the ITS
Readout frame border. The reason is similar to that of Time Frame above. Return
true when the event is good.

z vertex (—10 < zy < 10) — It requires that collision points be near the center of
detectors.

As an example, the distribution of vertex Z before and after event selection is
shown in Figure 3.2.
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FIGURE 3.1: Illustration of the orbit ratio near the time frame border.
The vertical axis represents the ratio of orbit to "average" orbit, and
the horizontal axis represents the bunch crossing in time frame. At
the beginning of a time frame (left), orbital information that should
have been recorded in the previous time frame is intruded. Orbital
depletion is observed before the the time frame edge (right).
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FIGURE 3.2: Vertex Z distribution before (left) and after (right) event
selection in proton-proton collisions. Real data.

3.2 Track selection

Here, the particle track detected by the central barrel detectors is called “Track”.
First, we need to check whether reconstructed tracks are reliable. Tracks are mainly
reconstructed in the geometrical acceptance of the central detectors, especially ITS
and TPC, so track quality depends on their information. The coverage of the central
barrel region is 17| < 0.9. In the analysis, we usually use 0.8 instead to avoid an
acceptance drop at the barrel’s border. The tracks that we want are generated from
collisions, so to extract them hit information of most inner barrel layers of ITS, i.e.,
closest to the collision point, is required. The charged particle passing through the
TPC induces a signal on a pad-row. A “Cluster” is defined as those whose charge
exceeds a threshold and meets all the required quality criteria. The more clusters
there are, the more reliable the reconstructed track will be. A sufficient number of
clusters is required to select electrons and guarantee the track quality. The sum of the
squared differences between the tracks and the clusters used in the reconstruction is
x?. The condition for good tracks is set as x> < 4. Table 3.1 is the list of cuts applied
in this analysis.
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Variable Requirement

Pseudorapidity || < 0.80r0.9

Hit on ITS IB layer at least one hit
Number of TPC clusters > 70
X2 per cluster in first iteration <4

TABLE 3.1: Track selection

3.3 Electron selection

The central barrel detectors detect stable charged particles (e.g. e, pi, K, p). We
perform particle identification (PID) using the no-cut method with the TPC and TOF
(example: Figure 3.3). The formula for TPC no is:

nEPC _ dE/ dxmeasured —dE/ dxexpected

(3.1
UPID(TPC) )

where dE/dXmeasuredis the measured energy loss in the TPC gas, dE/dXexpected 1S
the expected energy loss for particular particle hypothesis, and opip(tpc) is the TPC
dE/dx resolution on the measurement.

Similarly, the no of the TOF is given by:

nTOF _ tmeasured — texpected

o , tmeasured = fhit — Startime (32)

UPID(TOF)

where ty;; is the particle arrival time measured in the TOF, startiime is the event col-
lisions time given by the FIT detector, fexpected 1S the predicted time computed by
the ALICE reconstruction, which takes into account track length, momentum, and
energy loss in the material, and opip(toF) is the resolution that depends on the TOF
resolution, tracking capabilities, and the precision of the collision time of the events

(Eq.(3.3)).
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UPID(TOF) - \/UTOF + Ustarttime + Utracking (33)
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FIGURE 3.3: Simultaneous fit of the TPC nsigma signal for
23GeV/c < pr <25GeV/c[36].

The difference between the measured and predicted values must be less than a
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certain threshold. Table 3.2 shows the applied cuts list. Some analyses do not use
the TOF cut. The range of noJF< is decided to consider pion contamination.
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Variable Requirement
TPC no Electron | —2 < noi7¢ < 3
TPC no Pion no ¢ > 35

TPC no Proton nU;PC > 3.5
TOF no Electron | —3 < no°F < 3

TABLE 3.2: Electron selection
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FIGURE 3.4: Distributions before (left) and after (right) electron selec-
tion in pp collisions. Real data. (Top) pT, (Middle) Eta, (Bottom) Phi.
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3.4 Muon selection

The particle that penetrates the hadron absorber in front of the MCH and the iron
wallin front of the MID is the muon. The requirements shown in Table 3.3 are related
to this definition. The conditions of # and R,ps require that the particle has passed
through the detector and absorber. pDCA is the product of momentum and distance
closest approach (DCA), and is a condition regarding multiple scattering within the
absorber. However, it is not significantly related to the selection in this case.

Variable Requirement
Pseudorapidity —40<n<-25
Radius of the Absorber | 17.6 < Ry < 89.5
pDCA (Raps < 26.5) | 0.0 < pDCA < 594.0
pDCA (Raps > 26.5) | 0.0 < pDCA < 324.0
matching MCH-MID Required
Track Type Muon standalone

TABLE 3.3: Muon selection

The last two conditions are the selection of the detector type and track type to
use. There are five types of tracks. We use the “MUON standalone Track” (blue line
in Figure 3.5), which utilizes information from the MCH and MID detectors.

©® MFT Standalone Track —
@® MCH Standalone Track

@ MUON Standalone Track //

® GlobalForward Track ~ ~~\ ———— e o—o—.\

@ GlobalMuon Track '___‘H ................ "‘-—0\‘;.

»
e,
.
"o

L
MFT <—‘~:‘/¢/

MCH
MID
FIGURE 3.5: Definition of muon track types [37]
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FIGURE 3.6: Distributions before (left) and after (right) muon selec-
tion in pp collisions. Real data. (Top) pT, (Middle) Eta, (Bottom) Phi.

3.5 Mass reconstruction

Mass reconstruction is one of the ways to identify unstable particles. When a particle
X undergoes a two-body decay (X — A + B), the invariant mass M of X is given
by Eq.(3.4), using the four-momenta of particles A and B as (Ej, p1) and (Ep, p2),
respectively:

M=/ (E1 + E2)* — (p1p2)? (34

In an actual analysis, all possible combinations of particles within one event are cal-
culated. Consequently, the output distribution encompasses correlated events, e.g.,
signal and correlated backgrounds, and uncorrelated events, i.e., a part of combi-
natorial backgrounds. This applies to all calculated pair quantities, not just mass.
Figure 3.7 shows the schematic of the mass reconstruction.
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FIGURE 3.7: Schematic of the mass reconstruction
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Figure 3.8 is an example of the invariant mass distribution reconstructed via elec-
tron pairs. The left figure is the one reconstructed from the opposite-sign pair (e*e™),
and the right is one reconstructed from the like-sign pair (eTe™,e~¢™). It can be seen
that by performing mass reconstruction, the |/ peak (around 3 GeV), which is an
unstable particle, can be confirmed in the left one. There is no decay of |/ into a
like-sign pair due to the charge conservation, so no peak is seen in the right one.
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FIGURE 3.8: Invariant mass distribution reconstructed via electron
pairs, opposite-sign pairs (left) and like-sign pairs (right). Real data.

3.6 Azimuthal angle distribution
The difference in the azimuthal angle between electron and muon is calculated by:

A@ = @Pelectron — Pmuon (3.5)

The range of this delta phi is from —27 to 271, whereas what we want to know is
the opening angle. Therefore, an operation to fold delta phi into the range of 27t
is added. By convention, it is folded to the range —7/2 to 37t/2. This is because
the range is suitable for checking the behavior at near- and away-side regions. The
Ag distribution between electrons and muons after the folding procedure above is
shown in Figure 3.9.
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FIGURE 3.9: Azimuthal angular distribution between electrons and
muons. Real data.
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3.7 Heavy flavor extraction

The distribution shown in Figure 3.9 consists of pairs of inclusive electrons and
muons. In correlation measurements, conditions are imposed on one of the parti-
cles to ensure that it is a heavy flavor signal. One of the simple methods is pr cuts.
Heavy-flavor hadrons have three main sources of production at LHC energies.

¢ Prompt charm hadrons: ¢ — e or u
¢ Non-prompt charm hadrons:b - D — e or u
¢ Prompt beauty hadrons: b — e or u

Figure 3.10 shows each source’s pr distribution of electrons. Due to the large
mass, leptons from heavy-flavor hadrons dominate intermediate and high pr re-
gions. Therefore, the region above 2 GeV/c is extracted when good heavy-flavor
correlations are desired. In addition, according to the STAR experiment [38], parti-
cles in the region above 3 GeV /¢ keep the direction of mother particles well.
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FIGURE 3.10: Electron pr distribution for each source. MC data. Elec-
tron selection cuts have not been applied to all entries.

The pr cut is also effective for muons. Heavy-flavor is dominant in the high pr
region. We use the region above 4 GeV/c in this analysis.

3.8 Background subtraction

The candidates of inclusive electrons and muons consist of heavy-flavor decays,
non-heavy-flavor sources, and misidentified hadrons. Pairs containing particles other
than those derived from heavy-flavor decays are uncorrelated, so we can remove
contributions from them by estimating and subtracting the combinatorial background.
There are two methods to estimate a combinatorial background.

3.8.1 Like-sign method

The like-sign method estimates the uncorrelated background in the opposite-sign
pairs by the number of like-sign pairs. The yield of electron muon pairs is expressed
by:

N*(Ag) = Nijp(A@) + Nijp ypr(B9) + Nyyr(Ag) (3.6)
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where N;7.(Ag) is both from heavy-flavor, Njip r(A¢) is from heavy-flavor and
non-heavy-flavor or misidentified hadron, and Ny/;;-(A) is both from non-heavy-
flavor or misidentified hadron. N°*(A¢) is decomposed into the like- and opposite-
sign terms.

Nike(A9) = Niie ypir ke (B9) + NNp e (B9) (3.7)

ey RN an an
Nopposite(A(P) - NHF,opposite<A§0) + NHF,NHF,opposite(Aq)) + NNHF,opposite(A(P) (38)
Here, since NI?F/NHF(A(;)) and NyJj;(A@) have no azimuthal correlation, for sim-

plicity, we assume that the contributions to the yield are equal for the like-sign and
opposite-sign:

NIC;;IHF,like(Aq)) = Nle\;lHF,opposite(A(P) (39)
NZ[F,NHF,like(Ago) = NEIF,NHF,opposite(Ago) (310)

Therefore, we can extract the opposite-sign signals by subtracting like-sign pairs
from opposite-sign pairs.

Niip(89) = Nopposite (A9) — Ny (A9) (3.11)

Nie(Ag) consists of the signal from the charm-anti-charm pairs (c¢) and part of the
signal from the beauty-anti-beauty pairs (bb).

In a general analysis, the signal is calculated as follows, with the variable R ac-
counting for possible charge asymmetry due to detector acceptance bias relative to
charge:

Signal = Nt~ — 2RV N++N—~ (3.12)
Nyie
24/ Nyt Ny

The problem with this method is that the like-sign signals derived from the BB
such as decay chains and oscillations (Figure 3.11) are lost. Eq. (3.7) is precisely
expressed as follows:

Nite(A9) = NIEJHP,like(Aqo) + NZIF,NHF,like(Aq)) + NIE\;{HF,like(AqO) (3.14)

R= (3.13)

The contribution of like-sign signals corresponds to NZ’F’hk .(A@). At the RHIC center-
of-mass collision energies, the contribution of this term is about 1% of the final
heavy-flavor electron-muon pair yield and could therefore be neglected [39]. How-
ever, plenty of beauty quarks are generated at the LHC energies, so this method is
not optimal when considering beauty quarks.
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FIGURE 3.11: Example of the like-sign signal from beauty, B — p and
B — D — e decay chain (left) and BB oscillation (right)

3.8.2 Event-mixing method

The event-mixing method estimates the uncorrelated background using the opposite-
sign pairs of two tracks collected from two different collisions from the same bin.
Under certain conditions, the background shape generated by event-mixing can
fully reproduce the combinatorial background. Here, satisfying these conditions
means belonging to the same bin, where the same bin refers to multiplicity, Z vertex
interval, and so on.

In correlation analysis, event-mixing is used to correct the geometrical accep-
tance effects. The correlation function between the trigger and associated particles

is defined as L &N SE(An, Ag)
assoC ;/]’ (P
Clan ap) = Nuig dAndAg — ME(An, Ag) (3.15)
where Nyig is the total number of trigger particles. The signal distribution S =
1/ Nuig d?Ngame / dAn dAg is the associated particle’s yield per trigger particles, and
Nsame is the entries of the same event. The mixed-event distribution ME(An, Ap) =
2 d?Npixed / dAy dAg reproduces the effects of geometric acceptance and uncorre-
lated events. « is a normalization constant that normalizes to have a value of 1
in bins where there is no pair acceptance loss or local inefficiency of the detector.
If we do not do this, the number of pairs in the corrected distribution will be bi-
ased and will not reflect the actual number of pairs. For barrel-barrel correlation,
at Ap = 0,Any = 0, there is no detector inefficiency or acceptance limit. Thus, we
normalize the distribution by taking the criteria as B(0,0) [40]. For barrel-forward
correlation, there is no region with no acceptance effects. In this study, we normalize
the mixed-event distribution by setting the value of the maximum acceptance region
to 1 [41]. Figure 3.12 is one example of this method.
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FIGURE 3.12: Procedure of the correction of geometrical acceptance
effects using event-mixing methods [42].

3.9 Comparison with MC simulation

PYTHIA 8 is a high-energy particle collision event generator based on theoretical
calculations and phenomenological models. In PYTHIAS, heavy flavor production
consists of three processes: pair creation, flavor excitation, and gluon splitting. By
comparing with real data, it is possible to constrain models and clarify the contri-
bution of each generative process. Since there is no process that explicitly generates
the NLO process, this paper only investigates the angular dependence of charm pair
creation via gluon fusions for simplicity (see Table 3.4).

Setting Condition
beam particle proton
center-of-mass energy 13.6 TeV
process 83 — cc
tune Monash 2013

TABLE 3.4: The settings of PYTHIA simulation
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Chapter 4

Results and Discussion

4.1 Purity of single electrons and muons

This section shows the purity results using MC data. Appendix B shows the General
physical quantity distributions of MC data.
4.1.1 electron

The purity of single particles is calculated by:

) Number of electrons after electron selection
Purity = - . (4.1)
Number of particles after electron selection

The purity applying the cuts in Table 3.2 without the TOF cut is shown in Figure 4.1.
The purity is below 50% and above 3 GeV/c, where the heavy flavor dominates, is
about 20%.
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FIGURE 4.1: Purity of single electrons

The cause of low purity is hadron contamination. There are two ways to improve
the purity. The first is adding the TOF cut. The aim of this cut is to remove the kaon
and proton contamination. Due to the issue related to the FIT detector in MC data,
we can not show the right plot after applying the TOF cut here.

The second is applying the tight TPC no cut. The higher the pr, the more pion
contamination there is in the negative noF* region, so this is reduced by applying
the tight cut, 0 < noJTC < 3. Figure 4.2 is the results after applying the cut. The
purity around 2 < pr < 6 GeV/c is improved, in particular, 2 < pr < 3 GeV/c. As
can be seen from the distribution of no for 2.3 < pr < 2.5 GeV/c shown in Figure
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3.3, this is the result of vetoing the pions that were selected in —2 < no'C < 3 by
changing the cut to 0 < no'C < 3.
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FIGURE 4.2: Purity of single electron after applying the tight TPC cut

From the above, optimizing the TPC no cut each pr interval is effective for elec-
tron identification. Essentially, in the actual analysis, we do not use MC samples
for electron identification, instead identify electrons in a data-driven method that
utilizes the TPC no distribution for each pr bin in the real data.

Introducing the EMCal detector is one way to improve electron identification.
However, the statistics of single electrons are reduced by a factor of four. The imple-
mentation requires consideration.

4.1.2 muon

The purity applying the cuts in Table 3.3 is shown in Figure 4.3. Thanks to the hadron
absorber, the purity is high. Note that there is some consideration regarding track
matching between the MFT and MCH due to the multiple scattering in the hadron
absorber, especially in low-momentum regions, when MFT information is used.
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FIGURE 4.3: Purity of single muons
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4.2 Pair mass, transverse momentum, and rapidity distribu-
tions

Figure 4.4 shows the distributions of physical quantity reconstructed from electron-
muon pairs. The mass is calculated by Eq.(3.4). The pr and the rapidity are the sum
of two particles, e.g., p7 = p% + p}. Regarding the electron muon pairs, it is not a
“real” mass distribution since we only consider one decay lepton. Thus, there is no
particle peak as seen in Figure 3.8.
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Figure 4.5 shows the result of background subtraction using the like-sign method.
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4.3 Influences depending on pT cuts

The azimuthal angular distribution between electrons and muons is shown in Fig-
ure 3.9. As mentioned in 3.7, we ensure that the particles are derived from heavy
flavor by applying the pr cuts. Figure 4.6 shows the azimuthal angular distribu-
tions after applying pr cuts. The left histogram applies the cut regarding electrons,
pT > 3 GeV/c. Theright histogram applies the cut regarding muons, p’;« >4 GeV/c.
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FIGURE 4.6: Azimuthal angular distribution after applying pr cuts.
3 GeV/c cut for electrons (left), 4 GeV/c cut for muons (right).

4.4 Correction of geometrical acceptance effects

Figure 4.7 shows the Ag and Ay distribution after applying the pT cuts of electrons
and muons, and the distribution projected to Ag. If we focus on one hand particle,
ie., trigger particles, the same-event distribution is divided by the number of trig-
ger particles (Eq. (4.2)). For instance, the number of D meson in D meson-charged
particle correlation.

_ 1 dNeme

SE<A7]/A¢) - Ntrig dAﬂ dA(p

(4.2)

Since we do not compare distributions across the different event classes, the opera-
tion dividing by Nyig does not perform.
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FIGURE 4.7: Distributions of same-event. A¢ and Ay distribution
(left) and the distribution projected to Ag (right).
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Figure 4.8 shows distributions of mixed-events, and distributions projecting to
Ag@ and Ay are shown in Figure 4.9. The distribution is mountain-like and spreads
the range expected from the detector’s rapidity coverage as a function of Az, and
is approximately flat as a function of A¢g. The fluctuation of Ag is expected due to
azimuth-dependent detector inefficiencies and inhomogeneities [43]. The distribu-
tion normalized according to Eq. (4.3) is also shown in Figure 4.8 (right).

ZN"’H J
ME(An, Ap) = a——5P< 4.
(A1, 80) = 2 35 dAg (4.3)
Here, the maximum value in the mixed-event distribution is used as normalization
constant a. The specific value and its coordinates are shown in Table 4.1.

FIGURE 4.8: Distributions of mixed-event. A¢ and Ay distribution
(left) and normalized distribution (right).
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FIGURE 4.9: Projection distributions of mixed-event. A¢ (left) and Ay
(right).

Maximum value («) | Coordinate (A¢, An)
14 (0.994838, 3.45)

TABLE 4.1: The maximum value and its coordinates in the mixed-
event distribution
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The azimuthal distributions after correcting geometrical acceptance effects are
shown in Figure 4.10. Although the statistics are small and the error is large, a peak
can be seen around A¢ = 7.

b
J‘\\ .O\\\‘\\\‘\\\‘\\A

L —=—
s

‘gq; (rad) o

o
|

>
S
=

QO

o
Z

FIGURE 4.10: Distributions after applying the geometrical acceptance
correction (left), and the distribution projected to A¢ (right).

4.5 PYTHIA simulation study toward the comparison with
real data
Figure 4.11 shows the azimuthal distribution between charm and anticharm quarks

just before they decay. The number of collisions is 10*, which means that pair pro-
duction of cc has occurred 10* times.

g F
g C hDeltaPhi
50— | Entries 10000
[ |Mean 2702
L [Std Dev 1.356
40—
30—
20—
10 |1
ot L il | i | | |
-1 0 1 2 3

4
A¢ (rad)

FIGURE 4.11: Azimuthal angular distribution between charm and an-
ticharm quark. 10* events.

The left histogram of Figure 4.12 shows the azimuthal distribution between D
mesons and anti-D mesons. Here, D mesons mean D*, D°, and D*. Charm quarks
do not necessarily hadonize to D mesons, so the number of entries is reduced. The
right one is between electrons and muons from D mesons. The number of collisions
for both is 10°. Since there is no pr cut, it also contains particles that do not retain
the momentum direction of the parent particle. This is one of the reasons why the
peak of the distribution is blunted.
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FIGURE 4.12: Azimuthal distributions, between D mesons and Anti-
D mesons (left), between electrons and muons (right). 10° events.

The distribution of electron-muon pairs after applying the 7 cut is shown in Fig-
ure 4.13. The number of collisions is 108. It can be seen that the Ap = 7 peak,
which is characteristic of the pair production signal, can also be confirmed in the
electron-muon pair.
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FIGURE 4.13: Azimuthal angular distribution between electrons and
muons from D mesons after applying 7 cuts. 108 events.

We have not yet seen the distribution of NLO processes, nor have we prop-
erly taken into account hadronization and multiparton interactions involving non-
perturbative QCD physics. In future research, we plan to take these factors into
consideration.
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Chapter 5

Conclusion

In this study, latest results from the first electron-muon measurement from the AL-
ICE experiment are presented. An assessment of single-electron and single-muon
purity using MC data is performed. The electron purity is about 20%, so a more
appropriate cut should be used. A data-driven method is planned to evaluate and
optimize the electron identification for each pT range using real data. The purity
of muons looks good. The analysis including the MFT is expected. Using the above
identification conditions, the azimuthal distribution between electrons and muons is
obtained. pr cuts are applied to extract the signal from the heavy flavor. The distri-
bution after the cut is then modified using the event-mixing method to eliminate the
influence of detector acceptance on the distribution. Figure 5.1 shows the azimuthal
correlation between the corrected real data and cc pair generation by PYTHIAS.
There are many contributions we have not taken into account, so the two do not
match except for the tendency for the peak to be at Agp = 7.

By increasing the amount of statistics and comparing the azimuthal distribution
for each pr and the contribution of each process using MC data, we can approach
the cross section for heavy flavor production and the center-of-mass collision energy
dependence of the production mechanism. The ultimate goal is to investigate the
physical properties of the QGP through measurements in heavy ion collisions. This
study is a first step toward that goal.
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Appendix A

Coupling constant

A1 QED

The correction factor B(Q?) for the coupling constant a by the vacuum polarization
is [1]:

wB(Q) = 1L, (¢ = Q)

2

=-g{a-n(%)} @>m .

2 .
=—uf{a-mn(L)} @<m

where ag is a bare coupling constant, 4> = —Q? < 0 is the square of momentum
transfer of the virtual photon, and A, is a part of the ultraviolet divergence. The
effective charge a. is represented by the sum of all loops causing vacuum polariza-
tion.

_
- 1—aB(Q?)

The value that the test charge feels at a sufficient distance (Q? — 0) can be regarded
as the actual charge being measured «, so that if

Noff = 0(0{1 4+ aoB+ 14 agBaogB + - - - } (A.2)

X0

, then the effective coupling constant of QED is:
1t _1 2 11 (<
L (B -BO} =15k (mg> (Ad)
“ (A5)

3

Coleff = ————————————
¢ 1—iln(%)
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Appendix B

General physical quantity
distributions of MC data

B.1 Single Electron
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FIGURE B.1: Single electron distributions of MC data
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B.2 Single Muon
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