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Abstract
Heavy quarks (charm and beauty) are essential probes of the quark-gluon plasma (QGP), a hot and
dense medium created in heavy-ion collisions. Since the heavy-quark production in high-energy col-
lisions occurs earlier than the formation time of the QGP, heavy quarks witness the whole evolution
of the QGP. Measurements in proton–nucleus (pA) collisions provide the genuine testing ground to
study possible modifications of heavy-quark production in the presence of a nucleus, which is neces-
sary information to interpret the measurements in heavy-ion collisions. A valuable observable is the
production of J/ψ mesons, a bound state of a cc pair. Their production can be prompt, meaning that
they are either produced directly or from the decay of heavier charmonium states, or it can be non-
prompt when originating from the decay of beauty hadrons. Therefore, a measurement of J/ψ which
separates these contributions allows one to study charm and beauty quark production simultaneously.
In this thesis work, the J/ψ meson production was measured in p–Pb collisions at

√
sNN = 8.16 TeV

using a high-pT electron enriched data sample collected using the Transition Radiation Detector (TRD).
Based on the electron identification and tracking capabilities of the ALICE detector at the LHC, the J/ψ
mesons are reconstructed in the dielectron decay channel at midrapidity. Relying on the long lifetime
of beauty hadrons, prompt and non-prompt J/ψ contributions are separated on a statistical basis. The
resulting pT dependent nuclear modification factors (RpA) of prompt and non-prompt J/ψ are consistent
with unity within measured uncertainties at midrapidty in 2 < pT < 14 GeV/c. Further, the results are
described by theoretical calculations that include cold-nuclear-matter effects in p-Pb collisions. Thus,
the result suggests a small impact of cold-nuclear-matter effects for charm and beauty quarks in the
measured kinematic region.

Kurzfassung
Schwere Quarks (Charm und Beauty) sind äußerst wichtige Sonden für das Quark-Gluon Plasma
(QGP), ein Medium aus heißer und dichter Materie, welches in Schwerionenkollisionen erzeugt wird.
Da die Produktion schwerer Quarks in hochenergetischen Kollisionen vor der Ausbildung des QGP
stattfindet, erleben die schweren Quarks die gesamte Entwicklung des QGP. Messungen in Proton-
Kern(pA)-Kollisionen bieten eine gute Gelegenheit, mögliche Modifikationen in der Produktion schw-
erer Quarks in Anwesenheit eines Kerns zu untersuchen, was eine Voraussetzung für die Intepreta-
tion der Daten in Schwerionenkollisionen ist. Eine Wertvolle Messgröße ist die Produktion von J/ψ-
Mesonen, ein gebundener Zustand eines cc-Paares. Deren Produktion kann entweder "prompt" stat-
tfinden, was bedeutet dass sie entweder direkt oder aus dem Zerfall schwererer Charmoniumzustände
erzeugt werden oder aber "non-prompt" wenn sie aus dem Zerfall von Beautyhadronen resultieren.
Eine J/ψ-Messung, die diese Beiträge voneinander trennt, gibt daher Einblicke in die Charm- und
Beautyproduktion gleichzeitig. Für diese Arbeit wurde die J/ψ-Produktion in p–Pb-Kollisionen bei
sNN= gemessen, wobei ein elektronenangereichterter Datensatz verwendet wurde, der mit Hilfe des
Übergangsstrahlungsdetektors (TRD) aufgenommen wurde. Geleitet von den Fähigkeiten des ALICE-
Detektors am LHC, wurden J/ψ-Mesonen im Dielektronenzerfallskanal bei mittleren Rapiditäten rekon-
struiert. Basierend auf der langen Lebensdauer der Beautyhadronen wurden die "prompt" und "non-
prompt" Beiträge auf statistischer Basis getrennt. Die resultierenden nuklearen Modifikationsfaktoren
(RpA) für diese Beiträge zeigen keine statistisch signifikante Abweichung von 1 für die Messung bei
mittlerer Rapidität im Bereich 2 < pT < 14 GeV/c. Die Messungen werden auch von theoretischen
Rechnungen beschrieben, welche Effekte kalter Kernmaterie modellieren. Die Ergebnisse deuten da-
her auf einen geringen Einfluss der Effekte von kalter Kernmaterie auf Charm und Beautyquarks in der
gemessenen kinematischen Region hin.
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1 Introduction

1.1 Strong interaction and quantum chromodynamics (QCD)

Physics is part of the science that deals with the structure of matter and the interactions between the
fundamental constituents of the observable universe [1]. As science and technology have evolved over
times, it has become possible for Physicists to explore smaller length scale, far beyond what is visible
to the naked eyes. A length scale of femtometre (10−15 m) was firstly reached in Rutherford gold foil
experiment in 1911, which discovered the existence of the nucleus [2]. Eventually, by the discovery
of the neutron in 1932, it became evident that the nucleus is built up of protons and neutrons with the
presence of a force that holds them together [3]. The idea of strong interaction was firstly emerged by
Yukawa, proposing the force to explain the interaction between protons and neutrons [4]. The existence
of the middle-weight particle, in the range between the mass of electrons and of protons, was predicted
as a mediator, a meson. Starting from the discovery of the π meson in cosmic rays in 1947 [5], a
lot more strongly interacting particles, so called hadrons, were discovered over decades, opening the
era of the particle zoo. Among them, the discoveries of kaon [6] and Λ [7] particles inspired theoretical
physicists including Gell-Mann and Nishijima, introducing another quantity, called "strangeness", which
is conserved in strong interactions but not in its decays, to distinguish particles together with spin and
parity [8, 9].

In 1961, a new classification of hadrons according to their charge and strangeness, the so-called eight-
fold way, was suggested independently by Gell-Mann and Ne’eman [10] with an underlying approximate
(broken) symmetry of the group SU(3) extended from the SU(2) isospin symmetry of the interaction be-
tween the proton and neutron as suggested by Heisenberg [11]. The eightfold way could predict the
existence of theΩ− particle before its actual discovery via the measurement [12]. Followed by the eight-
fold way, finally in 1964, what now called "quark" was independently proposed as a basic building block
of hadrons by Gell-Mann [13] and Zweig [14]. Initially, three types of quarks (u, d, s), were introduced.
Quarks are spin 1

2 Dirac fermions carrying fractional charges, baryon number of 1
3 and by convention,

positive parity. The properties of quarks are listed in Table 1.1 [15]. Every baryon (antibaryon) is com-
posed of three quarks (antiquarks) and every meson is made up of a quark and an antiquark. The
quark model, however, had two main challenges to become a concrete theory. Firstly, some baryons,
such as (∆++ and Ω−) composed of three quarks of identical quantum numbers, showed the anomaly
of the spin-statistics theorem which implies that quark, as a fermion, should obey the Pauli exclusion
principle [16]. As a consequence, the new quantum number for strongly interacting particles, so-called
"colour" (red (r), green(g), blue(b)), was introduced byGreenberg in terms of a para-statisticsmodel [17]
and later by Han and Nambu, introducing double SU(3) symmetry [18]. The introduction of "colour"
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Chapter 1. Introduction

Table 1.1: List of quarks and their properties [15]

up (u) down (d) strange (s) charm (c) beauty (b) top (t)

Q : electric charge +2
3 − 1

3 − 1
3 + 2

3 − 1
3 +2

3

I : isospin 1
2

1
2 0 0 0 0

Iz : isospin z-component +1
2 − 1

2 0 0 0 0

S : strangeness 0 0 -1 0 0 0

C : charm 0 0 0 +1 0 0

B : bottomness 0 0 0 0 -1 0

T : topness 0 0 0 0 0 +1

suggested the simple hypothesis of strongly interacting particles that all particles measured are colour-
less, which can explain that there are certain possible combinations of quarks to form hadrons. The
another difficulty of the quark model was that quarks are never seen as single isolated objects. In addi-
tion to the fractional charge of quarks, this arose the question, whether quarks are real existing objects
or just virtual particles for mathematical convention. The existence of quarks as point-like constituents
of hadrons got supported by the results from a series of electron-proton scattering experiments at the
Stanford Linear Accelerator Center (SLAC) by the MIT-SLAC collaboration from 1967 through 1973
[19]. The momentum transfer dependence of the measured scattering cross section showed strikingly
different behaviour from what is expected for the elastic scattering of electrons at protons. Especially,
the measured proton structure function satisfied the conjecture of Bjorken, so-called a (approximate)
"scaling" behaviour, which should be appeared in the scattering of electrons on quasi-free and point-
like constituents inside the protons [20]. Then, the discovery of J/ψ and, as a consequence, the charm
quark showed crucial evidence of quarks as basic building blocks composing hadrons [21, 22].

The significance of the MIT-SLAC experiments was not merely the discovery of quarks, but also on
the emergence of quantum chromodynamics (QCD), inspiring the discovery of asymptotic freedom
in particular. Based on the advent of quantum field theories including the renormalizability of Yang-
Mills theory studied by Hooft [23], a non-Abelian gauge theory with symmetry group of colour SU(3)
emerged to describe the strong interaction in the early 70’s [24, 25]. In QCD, the spin-1 massless
coloured particles called "gluons" couple to the colour charges of quarks and gluons themselves and
describe the dynamics of colour fields. The fundamental coupling underlying the interactions of quarks
and gluons is expressed by the strong coupling constant αs. A renormalization scale µ, a subtraction
point for ultraviolet divergences, is introduced to describe a dimensionless physical quantity R in a
renormalizable quantum field theory as a perturbation series in the coupling αs. A dimensionless
physical quantity R, however, should be invariant under change of an arbitrary scale. This requirement
can be mathematically written by [26],

µ2 d
dµ2 R(Q2/µ2, αs) ≡ [µ

2 ∂

∂µ2 + µ
2 ∂αs

∂µ2
∂

∂αs
]R = 0. (1.1)
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1.1. Strong interaction and quantum chromodynamics (QCD)

Choosing µ2 = Q2 explicitly yields αs to be a function of Q2, running constant αs(Q2) as any depen-
dence of R on the scale µ should be cancelled. The running of the coupling constant αs is determined
through the renormalization group equation,

Q2 ∂

∂Q2
αs(Q2)

4π
= β(αs(Q2)). (1.2)

The formula of the β-function in high momentum transfer regime (UV) is given as a perturbative se-
ries [27],

β(αs) = −(
αs
4π
)2

∑
n=0
(
αs
4π
)nβn, (1.3)

with the first term of β-series,

β0 = 11 −
2
3

n f , (1.4)

where n f is the number of quark flavours active at the scale Q2 [28, 29]. The αs decreases at high
momentum transfer, where β0 is positive for n f ≤ 16. This is one of the most important properties of
QCD, so-called asymptotic freedom. The Q2 dependent running coupling can be explicitly obtained by
solving Equation 1.3 in full series, but exact analytical solution is known for β0 order [27],

αs(Q2) =
4π

β0 ln(Q2/Λ2)
, where Λ2 ≡ µ2e

− 4π
β0αs (µ2) . (1.5)

A dimensional parameter Λ reflects the energy scale where the coupling strength diverges, giving the
limits between the perturbative and non-perturbative domain. Due to the ambiguity of Λ, using the
fixed energy scale, such as the mass of the Z boson, has become popular. Equation 1.5 gives αs to
decrease with increasing Q2 so that quarks and gluons are asymptotically free, which is agreed with the
conjecture of Bjorken explaining MIT-SLAC data discussed above. In opposite direction, the decreasing
of Q2 leads αs to increase, indicating that coloured objects are confined in the colourless compound,
the confinement. In addition, the smaller coupling strength for high momentum transfers or at short
length scale allows the perturbative description of physical quantities in a language of QCD. Figure 1.1
presents the up-to-date world average αs based on measurements at the scale of the Z-boson mass,
as a function of Q2 showing excellent agreement with numerous measurements of αs in a wide energy
range from various processes.

Over decades, various studies both in theoretical and experimental side have made QCD as a genuine
theory of strong interaction. One of the remarkable progresses was the discovery of gluon in three-jet
structure from the gluon bremsstrahlung in e+e− collisions [31] at the PETRA collider at DESY [32]. In
addition, the lattice QCD calculation introduced by Wilson has been developed, opening opportunity
to access physical quantities in the non-perturbative regime by numerically evaluating the theory in
discretized space-time lattice [33].
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Chapter 1. Introduction

Figure 1.1: Running of the QCD coupling αs as a function of momentum transfer Q2. Measurements (shown as
points) are compared with a world average αs based on measurements at the scale of the Z-boson mass. The
order to which perturbation theory is used is indicated in parentheses, further details can be found in [30], where
the figure is taken from.

1.2 Quark-gluon plasma (QGP) and heavy-ion collisions

Soon after the discovery of the asymptotic freedom, Collins and Perry [34] and Cabibbo and Parisi [35]
independently recognized its consequence for the existence of a new phase of QCD matter in extreme
conditions, at sufficiently high pressure and/or temperature. The idea of Collins and Perry was that
the interaction between quarks and gluons weakens as they get closer at sufficiently high density, and
eventually these quarks are no longer confined inside the hadrons. The conjecture of Cabibbo and
Parisi was started from the Hagedorn temperature, the highest temperature for the hadronic matter,
obtained from the statistical bootstrap model [36]. They interpreted the existence of the Hagedorn
temperature as the signature of a phase transition between hadronic matter and a deconfined state of
quarks and gluons. The deconfined state of quarks and gluons is called the quark-gluon plasma [37].
The existence of a QCD phase transition was expected also from chiral symmetry of the massless quark
QCD Lagrangian. In this point of view, the chiral symmetry is spontaneously broken at zero temperature
and should be restored at high temperature [38]. The result from lattice QCD calculations supports that
deconfinement and chiral symmetry restoring occurs at the same point at vanishing baryon chemical
potential (µB = 0). Moreover, lattice QCD calculations give a smooth cross over phase transition with
the pseudo critical temperature of 156.5 ± 1.5 MeV at small µB [39]. The current understanding of
QCD phases is illustrated in Figure 1.2 as a schematic phase diagram as a function of temperature (T)
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1.2. Quark-gluon plasma (QGP) and heavy-ion collisions

and net baryon density (µ/µ0). As discussed, at small µ/µ0 and high T, crossover transition between
hadron gas and quark-gluon plasma is presented.
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Figure 1.2: The phase diagram of QCD matter as a function of net baryon density (µ/µ0) presented on the
horizontal axis and temperature (T) on the vertical axis. The curvatures with arrows indicate the region where
the corresponding collider experiments probe. Figure taken from [40].

The idea of creating and studying the quark-gluon plasma in a laboratory via colliding heavy nuclei
at high energy emerged, expecting that energy density exceeds the normal typical hadronic value
(≈ 1.0GeV/fm3) [41, 42, 43]. The space-time evolution of ultra-relativistic heavy-ion collision is schemat-
ically sketched in Figure 1.3. The light cone of the collision is defined by lines of the constant proper
time of the particle τ =

√
t2 − z2. The formation time of the QGP can be roughly estimated from the

QCD scale τ0 ≈ 1/ΛQCD, resulting proper time τ0 ≤ 1 fm/s. The system reaches the local ther-
mal equilibrium and evolves via expansion following the viscous relativistic hydrodynamics. Once the
system, the QGP medium, cools down and reaches below critical temperature Tc, the system has to
become hadron gas. The chemical freeze-out temperature Tch is defined as where inelastic collisions
between the constituents no longer continue so that the hadronic composition of the system becomes
fixed. Similarly, the kinetic freeze-out temperature Tf o indicates the temperature where no further elas-
tic collisions between the constituents (hadron) happen so that the momenta of the hadrons become
fixed.

The first glimpse of the QGP was provided by collisions of lead beams at the SPS (Super Proton Syn-
chrotron) in the late 90’s [45]. The suppression of charmonimum states production in Pb–Pb collisions
with respect to p–Be collisions was observed [46], which was proposed as a smoking gun of the QGP
as a consequence of color screening in the QGP medium keeping charmed quark-antiquark pairs from
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Chapter 1. Introduction

Figure 1.3: The schematic sketch of the space time evolution of ultra-relativistic heavy-ion collision. The time (t)
and space direction (z) are presented on the vertical and horizontal axis, respectively. Figure taken from [44].

binding to each other [47]. The production enhancement of hadrons containing strange quarks in Pb–
Pb collisions relative to p–Pb collisions was as well observed [48]. The strangeness pair production
threshold in theQGPmedium, is given by twice of the strange quarkmass at parton level. As this thresh-
old is much smaller compared to the energy threshold of the strange production in the initial hadronic
interactions (e.g. p + p → p + K+ + Λ) and in indirect production in hadronic gas via re-scattering
(e.g. π + N → K + Λ), the presence of the QGP leads the enhancement of strangeness production.
More clear evidence of the QGP could be found at RHIC (Relativistic Heavy Ion Collider). A strong
suppression was observed for hard probes, which are predominately created in the initial hard scatter-
ing before the QGP formation, including heavy flavour-hadrons and jets [49, 50]. This suppression was
the one of the early predicted QGP signatures due to the energy loss of partons in the medium [51]. At
the same time, the collective flow of particles, which arises from the combination of pressure gradients
in the medium and partonic energy loss within the QGP at high transverse momentum, was observed
as anisotropic flow (vn) [52]. The measured flow exhibited the "perfect" fluid like behavior described by
ideal relativistic hydrodynamics, indicating a strongly coupled quark-gluon Plasma (sQGP) [53]. The
highest beam energy has been reached in heavy-ion collisions at the LHC (Large Hardon Collider),
resulting in significantly larger cross sections of hard-scattering processes compared to RHIC. As a
consequence, more differential measurements in a larger kinematic range have been carried out by
experiments at the LHC which are crucial inputs for understanding the characteristics of the QGP [54].

1.3 Small collision systems

Small collision systems hereafter refer to collisions of proton–proton and proton (deuteron)–nucleus
collisions. Small collision systems are a part of the heavy–ion physics program as they are expected
to be free from the QGP medium, i.e. hot nuclear matter effects. Measurements of proton–proton
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1.3. Small collision systems

collisions are crucial as a benchmark for the measurements in heavy-ion collisions, especially for the
case that observables cannot be calculated precisely from theories in pp collisions. For this reason,
various measurements in pp collisions can as well contribute to theoretical developments.

Collisions of proton (deuteron)–nucleus take a role as a proxy to disentangle the so-called cold nuclear
matter effects, the effects arising from the presence of a nucleus, from genuine final state QGP effect.
For example, the modification of parton distribution functions (PDFs) for nuclei from those of the free
nucleon are reflected in several nuclear effects as illustrated in Figure 1.4. The horizontal axis of

Figure 1.4: The schematic sketch of typical nuclear effects in the deeply inelastic scattering (DIS) as a function
of x for a given fixed Q2. Figure taken from [55].

Figure 1.4 shows the dimensionless Bjorken scaling variable x, referring to the fraction of momentum
carried by the parton inside nucleon with respect to the nucleon momentum. The vertical axis presents
the ratio of deeply inelastic scattering (DIS) cross sections between the one from nucleus and free
nucleon case, at fixed four-momentum transfer Q2. Thus, the vertical axis represents the partonic
nuclear modification factor. At small values of x, x < 0.05, the partonic nuclear modification factor is
smaller than 1 and gets smaller as x decreases, which is the so-called shadowing effect, occurring in
high-density systems when gluons from nearby nucleons interact [56]. The enhancements is shown in
between 0.1 < x < 0.3, namely the antishadowing region, which compromises the shadowing effect
following momentum conservation. In the region of 0.3 < x < 0.8, the depletion of partonic nuclear
modification factor is experimentally observed, named EMC effect [57]. Finally, the region close to x ≈

1, the motion of nucleons in the nucleus (Fermi motion) causes the enhancement. The measurements
in proton–nucleus collisions provide valuable input for constraining nuclear PDFs as well as a native
environment to study possible modifications of particle production due to the modification of the nuclear
PDFs. Nuclear modifications for quarks and gluons in lead nuclei obtained by the EPPS16 [58] and
nCTEC15 [59] parameterization are presented in Figure 1.5. The large uncertainty is seen in all nPDF
distributions at low x range, in particular. As illustrated in Figure 1.6, the four LHC experiments in p-Pb
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Chapter 1. Introduction

collisions provide the accessibility of wide kinematic region in x − Q2. For example, depending on
Q2, which is relevant for particles produced in the collisions, the ALICE muon spectrometer permits to
access the x between 10−5 to 10−3 and 10−3 to 10−1. And the ALICE central barrel detector provides
the range around x ∼ 10−3. Therefore, the measurements from the four LHC experiments will be
useful inputs for constraining and reducing the uncertainty of the nPDFs at low x range. Depending on
physical observables, there are other possible initial state effects proposed from the theoretical side.
The theories related to this thesis work will be discussed in detail in Chapter 2.
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Figure 1.5: The EPPS16 nuclear modifications for valence u and d quarks (RPb
uV , RPb

dV
), sea u, d, s quarks (RPb

ū ,
RPb
d̄

and RPb
s̄ ) and gluon (RPb

ḡ ) for lead at the parametrization scale of Q2 = 10 GeV2 with those from the
nCTEC15 analysis [58, 59]. Figure taken from [58].

Figure 1.6: Kinematic coverage of the four LHC experiments in p–Pb collisions at
√

sNN = 8.16 TeV considering
corresponding acceptance of the each detector. Figure taken from [60].

One of striking results from early LHC measurements is the observation of a ridge like structure in pp
collisions by the CMS collaboration [61]. Figure 1.7 shows the two-particle angular correlation in rel-
ative pseudo-rapidity (∆η) and relative azimuthal angle in the transverse plane (∆φ) of two particles
measured in pp collisions for low and high track multiplicity [62] and in p–Pb and Pb–Pb collisions [63].
The clear ridge-like structures around ∆φ ≈ 0 along the ∆η are seen for all collision systems except for
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1.3. Small collision systems

the low multiplicity pp collisions. Naturally, this has raised the question whether the collective behavior
observed in small collision systems is from the same origin as in heavy-ion collisions, the hydrodynamic
response of QGP medium to the energy density gradients in the initial state. The interpretation of the
collectivity observed in the small system is not obvious since there are various sources which can gen-
erate the angular correlation between particles, such as resonance decays and jet fragmentation [64].
Moreover, in the theoretical point of view, the application of the hydrodynamics for small, thermally
non-equilibrium system has only recently started [65, 66]. A complete understanding of the collective
phenomena discovered in small systems is not yet clear and detailed studies are needed both from the
theory and experimental sides.
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Figure 1.7: Two-particle angular correlation functions in relative pseudo-rapidity (∆η) and relative azimuthal
angle (∆φ) in pp [62] (upper left: low multiplicity events, upper right: high multiplicity events), p–Pb (bottom left)
and Pb–Pb collisions (bottom right) [63] measured by the CMS collaboration at the LHC.
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2 Heavy-flavour and quarkonium production in hadronic
collisions

Due to the large masses of charm and beauty quark (mQ) compared to ΛQCD and to the typical tem-
perature reached in the ambient medium (TQGP) [42], heavy quarks are primordially produced in initial
hard partonic scattering processes in heavy-ion collisions. The time scale of heavy quarks production
is estimated by the inverse of the virtuality of the hard scattering (Q), ∆τ ∼ 1/Q. The minimum
virtuality of heavy quark pair production, 2 × mQ, gives ∆τ ∼ (10−1) fm/c, which is smaller than the
formation time of the QGP, τ0 ∼ 1/ΛQCD ∼ O(1) fm/c [67]. Consequently, heavy quarks undergo the
full evolution of the QGP, thus being sensitive to the QGP properties. In addition, mQ >> ΛQCD implies
that the mQ act as a long-distance cut-off, which allows describing the heavy quark production in the
framework of perturbative QCD (pQCD) down to low pT [68]. Therefore, heavy flavour observables, i.e.
heavy-flavour hadrons containing charm or beauty quark, and quarkonium, the bound state of a heavy
quark pair (cc̄ or bb̄), are penetrating observables to study the QGP created in heavy-ion collisions.

Measuring the same observables in small systems collisions is crucial to provide a baseline for heavy-
flavour studies in heavy-ion collisions. For example, one of the intuitive observables is the nuclear
modification factor RAA defined as the ratio of the production in nucleus-nucleus collisions to that in pp
collisions at the same energy scaled by the number of binary collisions, which quantifies themodification
of the particle production in heavy-ion collisions with respect to the one in proton-proton (pp) collisions.
Besides, the measurements of heavy-flavour production in pp collisions provide a testing ground for
our knowledge of QCD.

In nucleus-nucleus collisions, along with the genuine effects from the QGPmedium, cold nuclear matter
(CNM) effects, induced by the presence of heavy nuclei in the initial state, affect heavy-flavour and
quarkonium production. The CNM effects can be divided into twofold, an initial state effect acting on
heavy quark production and a final-state effect on the produced heavy-flavour hadrons and quarkonium.
The kinematic distributions of heavy quark pair can be modified by the multiple scattering of incoming
partons, which leads to parton energy loss [69] or gluon radiation [70]. For quarkonium, one of the
well known final state CNM effects is nuclear absorption, the break-up of the bound state while passing
through the nucleus [71]. Quarkonium can also be dissociated by interactions with other hadrons (co-
movers) produced in the collision without the presence of the QGP fireball [72]. Under the assumption
that the QGP is not formed in p–A collisions, the measurements provide a clean environment to study
cold nuclear matter effects, which is essential to interpret the results in nucleus-nucleus collisions.

As shown in Figure 2.1, the highest collision energies at the LHC provide a significantly larger cross
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Figure 2.1: Charm (left) and beauty (right) production cross section at midrapidity per unit of rapidity as a function
of the collision energy. Figure taken from [73] and [74] for charm and beauty, respectively. The PHENIX and
STAR results on the left panel and ALICE data points on the right panel are shifted in horizontal axis for better
visibility.

section of the heavy-flavour production cross sections compared to previous experiments, enabling
more precise and more differential measurements in the heavy-flavour sector. The J/ψ meson, a key
observable in this thesis work, is a bound state of cc pair. The measured J/ψ mesons are composed of
three components, those directly produced from cc pair, those from (strong or electromagnetic) decays
of excited charmonium states and those from a weak decay of beauty hadrons. The first two compo-
nents are called prompt J/ψ, originating from charm quark production, and the last component is called
non-prompt J/ψ, inherited from beauty quark production. The feed down contribution of J/ψ from ex-
cited charmonium states depends on the momentum of the J/ψ meson, summarized in Table 2.1.
Therefore, the measurement of J/ψ meson production with the ability to disentangle the prompt and
the non-prompt contribution allows one to study charm and beauty quark production simultaneously. In
this chapter, the experimental and theoretical study of open heavy-flavour and quarkonium production
will be discussed, focusing on the recent progress in the LHC era. First, the current understanding of
the open heavy-flavour and quarkonium production mechanism will be reviewed with measurements in
pp collisions. Then, the measurements in Pb-Pb collisions will be briefly discussed, showing the prop-
erties of the QGP learnt from the measurements of the open heavy-flavour and quarkonium production.
Finally, the recent measurements and theoretical developments of open heavy-flavour and quarkonium
production in p–Pb collisions will be discussed, which are crucial inputs for interpreting the results of
this thesis work later in Chapter 6.

direct from χc1 from χc2 from ψ(2S)

"low" pT J/ψ 79.5 ± 4 % 8 ± 2 % 6 ± 1.5 % 6.5 ± 1.5 %
"high" pT J/ψ 64.5 ± 5 % 23 ± 5 % 5 ± 2 % 7.5 ± 0.5 %

Table 2.1: J/ψ feed down fraction in hadroproduction at Tevatron and LHC energies. Table taken from [75]
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2.1. Heavy-flavour and quarkonium production in pp collisions

2.1 Heavy-flavour and quarkonium production in pp collisions

Figure 2.2: Schematic drawing of a hard parton-parton scattering process in a collision of hadron A and hadron
B.

In the framework of pQCD, the basic production process of heavy-flavour hadrons in hadronic collisions
is described by the factorization theorem [76], as a product of the production of a heavy quark and the
formation of color neutral hadrons. As illustrated in Figure 2.2, under the factorization theorem, the
production cross section of a heavy quark Q with the transverse momentum of pT and at the rapidity
y, at the center of mass energy s can be written as

σQ+X[s, pT, y,mQ] '
∑
i, j

∫ 1

0
dxi

∫ 1

0
dxj f A

i (xi, µF ) f B
j (xj, µF ) σ̂i j→QQ[xi, xj, s, pT, y,mQ, µF, µR] ,

(2.1)
where f A

i ( f B
i ) is the parton distribution function of the colliding hadron A (B), i ( j) denotes all possi-

ble partons in the colliding hadrons carrying a fractional momentum xi (xj ) and σ̂i j→QQ is the partonic
scattering cross section, which can be calculated in pQCD, µF is the factorization scale which is gener-
ally proportional to mQ and µR is the renormalization scale at which the strong coupling constant αs is
evaluated. The factorization scale µF is introduced in order to separate the short and long distance ef-
fects, so that the short distance interaction of the partonic scattering cross section and the long distance
effect arising from the parton distribution functions can be independently justified. The remaining term,
the formation of color neutral hadrons is non-perturbative process and is distinct for open heavy-flavour
hadrons and quarkonium states. While heavy quark and its antiquark independently fragment to form
open heavy-flavour hadrons, quarkonium states are produced from the evolution of QQ to bound state.
In this section, the heavy quark production as well as the formation of open heavy-flavour hadrons and
quarkonium states will be discussed.
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Chapter 2. Heavy-flavour and quarkonium production in hadronic collisions

2.1.1 Heavy quark production in hadronic collisions

In perturbative theory, there are two leading order (LO) processes for heavy quark production in hadronic
collisions, which are shown in Figure 2.3. For these 2→2 processes, the momentum fraction of x1 and

q

q

Q

Q

Q

Q

Q

Q

Q

Q

Figure 2.3: Feynman diagram at leading-order (LO) of initial hard scattering for heavy quark production. The left
diagram shows the scattering of quark and antiquark. Feynman diagrams represent s-channel, t-channel and
u-channel flavour production of gluons from the second left.

x2 can be written as the function of the transverse mass (mT =
√

m2
Q
+ p2

T) and the rapidity (y) of the
produced heavy quarks. In the centre-of-mass (CM) frame of the incoming hadrons,

x1 =
mT
√

s
(eyQ + eyQ ),

x2 =
mT
√

s
(e−yQ + e−yQ ).

(2.2)

In terms of the mT and the rapidity difference between a heavy quark and antiquark (∆y), the Mandel-
stam variables for heavy quarks in 2→2 processes can be conventionally written as

s̃ = (p1 + p2)
2 = 2p1 · p2 = 2mT

2(1 + cosh∆y),

t̃ = (p1 − p3)
2 − m2

Q = −2p1 · p3 = −2mT
2(1 + e−∆y),

ũ = (p2 − p3)
2 − m2

Q = −2p2 · p3 = −2mT
2(1 + e∆y),

(2.3)

that the minimum virtuality exchanged is, at least m2
Q, for all channels. The strong coupling constant

αs, is set in the scale of the minimum transverse momentum transferred, which is the order of the mass
mQ. Thus, perturbative calculation can be reliably applicable for heavy quark production [77].

The perturbative calculation of heavy quark production, including the corrections for higher order pro-
cesses, is carried out in different schemes [78]. One example is the Fixed-Flavour-Number scheme
(FFNS), where the heavy quark is not an active parton in the proton. In the FFNS scheme, the log-
arithms of the heavy quark mass αs ln(µ/m) arise in each order of perturbation expansion. Conse-
quently, when the momentum transfer gets larger, the calculation become divergent, so that only a
fixed order (FO) calculation is possible. An alternative scheme is the so-called zero-mass variable-
flavour-number scheme (ZM-VFNS), in which the heavy quark is treated as massless above a certain
threshold so that the resummation of the logarithms is possible. At the same time, the heavy quark is
an active parton in the PDFs and final-state Fragmentation Functions (FFs). Below the threshold, the
heavy quark is considered as infinitely massive, thus, the production process is prohibited. There are
several model calculations which provides the description for the intermediate regime between FFNS
and ZM-VFNS by matching procedure and are valid in the entire kinematic range, such as Fixed Order
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2.1. Heavy-flavour and quarkonium production in pp collisions

plus Next-to-Leading Logarithms (FONLL) [79] and General-Mass Variable Flavour Number Scheme
(GM-VFNS) [80] in the NLO.

2.1.2 Open heavy-flavour production

In order to describe the measurements from the collisions, the production cross section of heavy quarks
is transformed into the production cross section of heavy-flavour hadrons. The effects arising from the
hadronization process are expressed in terms of a non-perturbative fragmentation function (FF). In
general, the FF describes the probability of each parton fragmenting into a hadron with a momentum
fraction z of the parton. Several models are available, combined with heavy quark production mech-
anisms described above, to provide the theoretical predictions of open heavy-flavour measurements.
Since the fragmentation of a heavy quark is assumed to be independent of the production mechanisms
of a heavy quark (universality), most of the models used the FFs measured in e+e− reactions. Some
of Monte Carlo generators provide the fragmentation process, such as PYTHIA [81] and HERWIG [82]
which are based on the Lund string model [83, 84], and cluster hadronization model [85], respectively.
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Figure 2.4: (Left) pT-differential cross section of B+ mesons in pp collisions at
√

s = 7 (blue circle) and 13 TeV
(red square) measured by the CMS collaboration compared with theoretical predictions [86].(Right) pT- and y−

double differential cross section of b−jets in pp collisions at
√

s = 7 TeV measured by the ATLAS collaboration
shown as circle. Coloured lines with boxes represent different theoretical calculations [87].

Experimentally, open heavy-flavour production has been explored in various ways in hadron colliders
through their decay products, relying on the properties of the hadrons, such as invariant mass and
lifetime. Depending on the characteristics of the detectors and the abundance of the data sample,
different approaches are used to measure open heavy-flavour hadron production. The left panel of
Figure 2.4 shows the pT differential cross section of B+ mesons in pp collisions at

√
s = 7 and 13

TeV measured by the CMS collaboration [86] via full reconstruction of a decay chain, B+ → J/ψ(→

µµ) + K+. On the right panel of Figure 2.4, the pT and y differential cross section of b− jets is shown
as a function of jet pT, obtained by the flavour tagging for the reconstructed jets [87]. In addition,
the heavy-flavour production has been measured via leptons from semileptonic decays relying on the
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Chapter 2. Heavy-flavour and quarkonium production in hadronic collisions

substantial branching ratio. For example, the pT and y differential cross sections of electrons from open
heavy-flavour decays and beauty-hadron decays are shown in the left panel of Figure 2.5 [88, 89]. As
additional qq pairs can be created in the beauty hadron decays, beauty hadrons have much more
decay modes than other hadrons. Therefore, instead of one specific decay channel, inclusive decay
daughters, such as non-prompt J/ψ and non-prompt D meson, have been measured, providing the
opportunity to access both charm and beauty quark production simultaneously. The right panels of
Figure 2.5 show the differential cross section of non-prompt J/ψ as a function of pT (upper) and of y
(bottom) in pp collisions at

√
s = 5 TeV measured by the LHCb collaboration [90]. The measurements at

low pT for electrons from beauty-hadron decays and B+ mesons tend to lie at the upper limit of FONLL
uncertainty. Overall, all measurements of beauty-hadron production carried out in various ways in
various kinematic ranges are, however, well described with the pQCD model predictions. The situation
is similar for charm hadron production [67].

Recently, a significant difference of the charm fragmentation fractions at LHC energies compared to
those measured in e+e− and ep collisions was observed by the ALICE collaboration [73]. Similarly,
beauty fragmentation fractions measured by the LHCb collaboration [91, 92] show a clear discrepancy
with respect to what was observed in e+e− and ep collisions. These observations suggest that the
fragmentation functions are not universal across different collision systems and thus, stimulate further
theoretical developments.

2.1.3 Quarkonium production

The J/ψ meson was first discovered in 1974 as the first quarkonium state, via its dielectron decays in
p–Be collisions at the Brookhaven National Lab (BNL) [94] and dimuon decays in e+e− collisions at the
Stanford Linear Accelerator Center (SLAC) [95]. The mass (MJ/ψ) and width (ΓJ/ψ) of the J/ψ meson
are known as [15]

MJ/ψ = 3096.900 ± 0.006 MeV,

ΓJ/ψ = 92.6 ± 1.7 keV.
(2.4)

The J/ψ meson has quantum numbers of JPC = 1−−, where the the parity (P) and charge conjuga-
tion (C) are related to the orbital angular momentum (L) and spin (S) as follows, P = (−1)L+1 and
C = (−1)L+S [15]. Remarkably, the J/ψ meson was discovered via dilepton measurements, involving
the electromagnetic decays. Since the MJ/ψ is smaller than open charm threshold (e.g. 2MD± ≈ 3738
MeV [15]), the decay of J/ψ into open charm hadron is hindered. Considering the colour-charge con-
servation and the charge parity, the lowest allowed hadronic decays require three gluons. However,
this decay is suppressed by the OZI rule, which states that the processes in which the initial quark pair
does not appear in the final state particles are suppressed [96, 97, 98]. As a result, the electromagnetic
decay rate of the J/ψ meson is considerable, a similar order of magnitude as its strong decay rate. The
branching ratio of J/ψ into dielectron, as known today, is 5.971 ± 0.032% [15]. Over decades, many
other quarkonium states have been discovered, including the exotic states, which are unpredicted in the
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2.1. Heavy-flavour and quarkonium production in pp collisions

Figure 2.5: (Left) pT-differential invariant cross sections of electrons from beauty and from charm hadron decays
in pp collisions at

√
s = 7 TeV measured by the ALICE collaboration [88, 89]. The solid lines indicate the corre-

sponding FONLL predictions. Ratios of the data and the FONLL calculations are shown in (b) and (c) for electrons
from beauty and charm hadron decays, respectively. (Right) The differential cross section of on-prompt J/ψ as
a function of pT (upper) and of y (bottom) in pp collisions at

√
s = 5 TeV measured by the LHCb collaboration

compared with FONLL predictions [90].

conventional quark model, as shown in Figure 2.6 for the charmonium family. In analogy to positron-
ium in quantum electrodynamics, quarkonium, the bound system of the quark and antiquark, has been
described by so-called Cornell-type potential [99, 100] as follows,

V(r) = −
4
3
αs
r
+ k · r, (2.5)

where the r is the distance between the quark and antiquark. While the 1/r term effectively works in
short distance with coupling constant (αs) as a Coulomb potential, the linear term with string tension k

parametrizes the non-perturbative long-distance behaviour, the confinement.

Similar to the production of open heavy-flavour hadrons, the descriptions of quarkonium production are
based on the factorization between the heavy quark pair production and quarkonium formation process
(binding). Consequently, the main difference between models is the treatment of the non-perturbative
hadronization process, which may also require specific description in heavy quark pair production. The
simplest model of quarkonium formation is the colour singlet model (CSM), assuming that the quantum
state of intermediate QQ, i.e. spin and colour, does not change in the final-state quarkonium [101]. In
other words, the quarkonium is only formed if qq pair is created in a colour singlet states that has the
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Chapter 2. Heavy-flavour and quarkonium production in hadronic collisions

Figure 2.6: Charmonium spectrum as of July 2020 from the PDG [30]. Horizontal axis shows the quantum
numbers JPC and vertical axis is for the mass. Not well-established states are shown in pale colors and the
box heights are the mass ranges. The open-charm thresholds are shown as horizontal lines with labels on the
vertical axis of right side. Figure taken from [93]

same quantum numbers as the final-state. For the zero relative velocity between quark and antiquark
(v), the production cross section can be estimated with the Schrödinger wave function of the quarkonium
at the origin RH (0) in the colour-singlet state,

σCSM ∝ σ
pp→QQ(v = 0) · |RH (0)|2. (2.6)

The colour evaporation model (CEM) is another simple model for the quarkonium formation process,
relying on a different assumption. As opposed to the CSM, the probability of forming a specific quarko-
nium state below the open-charm threshold is independent of the quantum state of the intermediate
QQ, assuming that colour in QQ is neutralized by the interaction with the collision-induced colour
field [102, 103]. Under this assumption, only a part of the total qq production cross section is relevant
for the quarkonium formation process. Thus, the production cross section of quarkonium can be written
as so-called sub-threshold cross section, obtained by integrating the qq production cross section over
the kinematic region between the invariant mass threshold of heavy-quark pair (2mQ) and that of the
lightest open heavy-flavour hadron pair (2M),

σCEM = FH

∫ 2M

2mQ

dmQQ

dσpp→QQ

dmQQ

. (2.7)
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2.1. Heavy-flavour and quarkonium production in pp collisions

A fixed fraction FH of the sub-threshold cross section is independent of energy and determined em-
pirically, or on the basis of statistical assumptions [104]. An effective field theory for two heavy quarks
called nonrelativistic QCD (NRQCD) provides the framework for studying heavy quarkonium production
based on first principles [105]. In addition to αs, the relative velocity (v) works as an additional scale
in the theory [106]. The QQ state is described as an expansion over Fock states of determined angu-
lar momentum and colour properties, Q(2S + 1L[n]), where n = 1 (colour singlet) or 8 (colour octet).
The probability of the QQ state evolving to a quarkonium is described by the long-distance matrix ele-
ments (LDME) (< On

H >), which are not fully calculable and partly extracted from measurements. The
production cross section of the quarkonium state is then written as

σNRQCD =
∑
n

σpp→QQ · < On
H > . (2.8)

The measurements of triplet S-wave states of quarkonium, such as the J/ψ, ψ(2S) and Υ(nS) have
been carried out with dilepton decay mode with the branching ratio of O(1)% [15]. The triplet P-waves
are usually reconstructed via their radiative decays into a triplet S-wave, i.e. χc → J/ψ + γ [107]. The

ALI-PUB-496086

Figure 2.7: (Left) pT-differential cross section of prompt J/ψ meson in pp collisions at
√

s = 5.02 TeV by ALICE
[108], ATLAS [109] and CMS [110] with theoretical predictions. Figure taken from [108].(Right) pT-differential
cross section of Υ(1S),Υ(2S) and Υ(3S) in pp collisions at

√
s = 13 TeV measured by the CMS collaboration with

the prediction from NRQCD [111].

left panel of the Figure 2.7 shows the pT-differential cross section of prompt J/ψ meson in pp collisions
at
√

s = 5.02 TeV from the ALICE [108], ATLAS [109] and CMS collaborations [110]. The NRQCD based
models [112, 113, 114, 115] and ICEM on the basis of the colour evaporation model [116] provide a
good description of the prompt J/ψ cross section in the given kinematic ranges. On the right panel of
the Figure 2.7, pT-differential cross section of Υ(1S),Υ(2S) and Υ(3S) in pp collisions at

√
s = 13 TeV

measured by the CMS collaboration is presented [111]. All states are well described by the NRQCD
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Chapter 2. Heavy-flavour and quarkonium production in hadronic collisions

calculations [117]. As shown for both measurements of prompt J/ψ and Υ(nS), the comparison of
data with model calculations is mainly limited by the theoretical uncertainties arising from heavy quark
mass, scales, etc. In addition, the measurements of the J/ψ polarization parameters [118, 119] are not
described by the NRQCD calculations well, showing there is still room for improvement in the theory.

2.2 Heavy-flavour and quarkonium production in nucleus–nucleus col-
lisions

Charm and beauty quarks are excellent probes of the QGP created in heavy-ion collisions as they
have a heavy mass. First, the shorter formation time of the heavy quark production via initial parton-
parton scattering (≤ 0.07 fm/c for cc and ≤ 0.02 fm/c for bb) [120] with respect to the QGP formation
time, which is about 0.3 ∼ 1.5 fm/c at LHC energies [121, 122] makes heavy quarks witness of full
evolution of the QGP. In addition, the mass of heavy quark is much larger than the temperature reached
in heavy-ion collisions at LHC energies so that the contribution of thermal production is expected to be
negligible [123].

Final-state heavy-flavour hadrons, experiencing the whole evolution of the QGP, will deliver the medium
information via the modification of particle yields and phase-space distributions. The aforementioned
modification can be quantified with the nuclear modification factor (RAA), which is defined as the ratio
between the particle yields in nucleus-nucleus (AA) collisions (d2NAA/dpTdy) and the corresponding
yields in pp collisions (d2Npp/dpTdy) scaled by the average number of nucleon-nucleon collision (<
Ncoll >),

RAA =
1

< Ncoll >

d2NAA/dpTdy
d2Npp/dpTdy

. (2.9)

While the absence of any medium effects leads to RAA = 1, in-medium energy loss of partons implies
a softening of the final-state hadron pT spectrum, resulting in RAA < 1 at large pT. There are several
sources of the heavy quark energy loss in the QGP medium. For high energetic quarks, the gluon
radiation through the scattering to the medium constituents are expected to be dominant mechanism.
The amount of radiative energy loss is not same for all hadrons but depends on colour coupling factor
and mass [124]. A distinctive mass hierarchy and colour charge dependence will reflect in RAA mea-
surements as RπAA < RD

AA < RB
AA [120]. Furthermore, partons lose their energy via elastic scatterings

with the medium as well providing hint of possible heavy quark collectivity in the medium.

Besides the RAA, the interaction of heavy quark with the QGP medium can be accessed via the mea-
surements of the azimuthal anisotropic flow parameter v2. The reaction plane of a collision is defined
as a plane formed by the beam axis and the impact parameter vector of the colliding nuclei. Then,
Fourier expansion of the invariant triple differential distributions with respect to the reaction plane is

E
d3N
d3p
=

1
2πpT

d2N
dpTdy

(
1 + 2

∞∑
n=1

vn cos[n(ϕ − ΨRP)]

)
, (2.10)
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where E is the energy of the particle, p the momentum, ϕ the azimuthal angle and ΨRP the reaction
plane angle. The second order Fourier coefficients is defined as the anisotropic flow parameter v2,
which is given by

v2(pT, y) = 〈cos[2(ϕ − ΨRP)]〉, (2.11)

where the angular brackets denote an average over the particles [125]. In the left panel of Figure 2.8,
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Figure 2.8: (Left) Nuclear modification factor of prompt D mesons (average D0, D+, D∗+) [126], charged par-
ticles [127], charged pions [128] and inclusive J/ψ from ALICE [129], and of prompt and non-prompt J/ψ mea-
sured by CMS in Pb–Pb collisions at

√
sNN = 5.02 TeV [130]. Figure taken from [126]. (Right) ALICE measured

anisotropic flow parameter v2 of charged pions [131], prompt D mesons [132], inclusive J/ψ [133], electrons
from beauty-hadron decays [134] and Υ(1S) [135] as a function of pT in Pb–Pb collisions at

√
sNN = 5.02 TeV

compared with model predictions [136].

the strong suppression of prompt D meson and non-prompt J/ψ was observed which was not seen in
the p-Pb collisions, indicating in-medium energy loss of charm and beauty quark in Pb–Pb collisions.
In addition, an ordering of RAA is observed below pT . 10 GeV/c for charged pions, prompt D meson
and non-prompt J/ψ originating from beauty-hadron decays, supporting the quark mass dependence
energy loss. It is noteworthy that the interpretation of the different suppression patterns for each hadrons
is not straightforward, as several effects, such as a degree of thermalization, different fragmentation
function can also play a role, in addition to the in medium-energy loss mechanisms discussed above.
In the right panel of Figure 2.8, measurements of v2 for various hadrons are shown as a function of
pT. Measured v2 of charged pions, prompt D meson and inclusive J/ψ exhibit an universal trend in pT

with different amplitude, suggesting charm quark thermalization in the QGP medium. Furthermore, a
smaller but non-zero v2 of electrons from beauty-hadron decays was measured, consistent with less
thermalization of beauty quark and charm quark expected by their masses. TheΥ(1S) meson, however,
shows no indication of non-zero v2. Therefore, the thermalization of beauty quark is not conclusive yet,
and further measurements with improved precision in beauty sector are required. In Figure 2.8, it is also
visible that the trend of the J/ψ RAA is different from other results, showing an enhancement at low pT.
This can be further understood by looking at the J/ψ RAA as a function of charged particle multiplicity,
which is proportional to energy density as shown in the left panel of Figure 2.9. A significantly larger
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Chapter 2. Heavy-flavour and quarkonium production in hadronic collisions

J/ψ RAA is measured in Pb–Pb collisions at
√

sNN = 5.02 TeV by the ALICE collaboration at LHC with
respect to the J/ψ RAA measured in Au–Au collisions at

√
sNN = 200 GeV by the PHENIX collaboration

at RHIC, as a result of charmonium (re-)generation due to the copiously produced charm quarks at LHC
energies as shown in Figure 2.1. The regeneration is expected to happen either at hadronization [137]
or throughout the evolution of the QGP [138], which is consistent with the significant non-zero v2 of
J/ψ. Meanwhile, the measured Υ (nS) RAA presented in the right panel of Figure 2.9 shows a clear
mass ordering of the suppression. The ordering is expected in the sequential melting scenario [139,
140] based on colour screening [141]. The theory describes the suppression of quarkonium as a
melting in thermal medium and thus, the differences in the quarkonium binding energies lead to a
sequential melting with increasing temperature. Interestingly, the sequential suppression of Υ (nS)
was also observed in p–Pb collisions with much smaller magnitude [142], requiring further theoretical
developments than the simple idea of colour screening in Pb–Pb collisions.

Figure 2.9: (Left) Nuclear modification factor of inclusive J/ψ at forward rapidity as a fucntion of charged particle
multiplicity at midrapidity measured in Pb-Pb collisions at

√
sNN = 5.02 TeV by ALICE [143] and in Au–Au collisions

at
√

sNN = 0.2 TeV by PHENIX [144]. (Right) Nuclear modification factor of Υ(nS) at midrapidity versus average
number of participants in Pb-Pb collisions at

√
sNN = 5.02 TeV measured by the CMS collaboration [145].

2.3 Heavy-flavour and quarkoniumproduction proton-nucleus collisions

2.3.1 Initial state effects from Cold Nuclear Matter (CNM)

The presence of heavy nuclei in the initial states modifies the parton densities, and thus, affects the
production of heavy quark. The basic approach for quantifying the modification of heavy-flavour pro-
duction is replacing the parton distribution functions f A

i (xi, µF ) , f B
j (xj, µF ) in Equation 2.1 to set of

nuclear PDF (nPDF). The set of nPDF has been extracted by the parameterization of various experi-
mental measurements in Q2 − x plane. There are several sets of nPDF available. The main difference
between them is the different set of measurements included in the parameterization and error handling
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approaches. In the left panel of Figure 2.10, the RpPb of B+ meson and non-prompt J/ψ in p–Pb colli-
sions at

√
sNN =8.16 TeV measured by the LHCb collaboration is presented as a function of y together

with the NRQCD based model [146, 147, 148] using different sets of nPDF, namely EPPS16 [58] and
nCTEQ15 [59]. While the measurements are consistent with unity at backward rapidity, a significant
suppression is observed at forward rapidity. The models using different nPDF sets provide good de-
scription of the modification trend shown in measurements.

The initial collision environment in p–Pb collisions can be also described in the colour Glass Condensate
(CGG) framework [149]. When the Bjorken-x decreases, the gluon density is expected to increase until
the maximal occupation is reached. Then, the system eventually saturates due to the large number of
self interacting gluons. The saturation effects are characterized as the saturation scale Q2

s,A where
√

s

is the collision energy and A is the nucleon number. The model provides predictions for open heavy-
flavour quarkonium production at forward rapidity at LHC energies in which the production suppression
gets larger towards forward regions, reflecting stronger saturation effects at smaller Bjorken-x values.

The so-called Cronin-effect is also one of the well-known phenomena in proton-nucleus collision [150].
The Cronin effect refers an enhancement of hadron production in proton-nucleus collisions with respect
to pp collisions at a transverse momentum of a few GeV/c. It is interpreted as the result of multiple
scattering of the partons in the nucleus prior to the hard scattering. Energy loss of individual partons
undergoing soft collisions or radiating gluons in the initial state incoherent from other partons, results in
transverse momentum broadening of parton distribution, causing Cronin-enhancement. The opposite
scenario is possible such that a nucleus has a single collective parton distribution. In this picture, the
interaction of partons become coherent, leading the attenuation of the production [70].

In the right panel of Figure 2.10, the RpPb of electrons from beauty-hadron decays in p–Pb collisions at
√

sNN =5.02 TeVmeasured by the ALICE collaboration is presented as a function of pT. In themeasured
kinematics range, the RpPb is consistent with unity. The based heavy-flavour production mechanism
including nPDF, coherent scattering and incoherent multiple scattering, give reasonable description for
the measurements, indicating small cold nuclear matter effect for beauty- hadron production in this
kinematic range.

2.3.2 Final state effects in small system?

The huge abundance of heavy quarks at LHC energies allows one to access to new observables, such
as the production of excited quarkonium states and v2 of open and hidden heavy-flavour production.
The left panel of Figure 2.11 presents the y-dependence of the RpPb of ψ(2S) and J/ψ in p–Pb collisions
at
√

sNN =8.16 TeV measured by the ALICE collaboration [153]. At backward rapidity, the ψ(2S) shows
larger suppression with respect to J/ψ. A similar trend was also found in the bottomonium sector [142,
154]. Since the initial-state effects for the heavy quark pair are expected to affect similarly all different
final quarkonium states, the ordering of the suppression suggests a possible presence of final state
effects in p–Pb collisions. In the figure, themeasurements are well described by the comover interaction
model, assuming a break-up of the quarkonium resonances by collisions with particles with similar
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Figure 2.10: (Left) The y-dependence of RpPb of the B+ meson (filled circle) and non-prompt J/ψ (open circle)
in p–Pb collisions at

√
sNN =8.16 TeV measured by the LHCb collaboration compared with different nPDF [151]

(Right) RpPb of electrons from beauty-hadron decays as a function of pT in p–Pb collisions at
√

sNN =5.02 TeV
measured by the ALICE collaboration [152]

rapidities from the underlying event [155, 156]. It is noteworthy that the QGP formation is not necessarily
required explaining this final state effect.

As in Pb–Pb collisions, possible collectivity in p–Pb collisions was investigated via measurements of v2.
The non-zero v2 for various hadrons in p–Pb collisions measured in the last years raises the question of
whether a fluid-like QGP is also created in small systems or not [157]. In the right panel of Figure 2.11, v2

of various hadrons measured in high multiplicity p–Pb collisions by the CMS collaboration is presented
as a function of pT. As well as for light hadrons, positive v2 for heavy-flavour hadrons, prompt and
non-prompt D0 mesons and prompt J/ψ. In addition, the hint of mass ordering in the magnitude of
v2 seems consistent with the scenario of being generated via final-state re-scatterings, where heavier
quarks tend to develop a weaker collective signal. Nevertheless, as shown in the same figure, the
theoretical calculation based on CGC framework, assuming the quark and gluon interaction with the
nucleus in a high gluon density environment and irrelevant of further QGP formation, provide a good
description for the measurements. In summary, it is still an open and interesting question, whether the
QGP-droplet is formed in small systems and further heavy-flavour measurements in p–Pb collisions
would shed more light on this puzzle.
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2.3. Heavy-flavour and quarkonium production proton-nucleus collisions

Figure 2.11: (Left) The y-dependence of RpPb of ψ(2S) and J/ψ in p–Pb collisions at
√

sNN =8.16 TeV compared
with models including final-state effects [153]. (Right) vsub2 for prompt and non-prompt D0 mesons and prompt
J/ψ as functions of pT in high multiplicity p–Pb collisions at

√
sNN = 8.16 TeV [158] with theoretical predictions

including the CGC approach [159, 160].
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3 ALICE at the LHC

3.1 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) [161] is a particle accelerator and collider located at CERN, European
Organization for Nuclear Research. The LHC consists of 27 km double ring with counter-rotating beams
guided by superconducting magnets at a mean underground depth of about 100 m and a number of
accelerating structures.
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Figure 3.1: The CERN accelerator complex. Protons start from LINAC2 passing through the Booster and reach-
ing the PSwhile ions start from LINAC3 through LEIR. Both protons and ions are accelerated sequentially through
PS, SPS and LHC and are eventually delivered to the four big experiments located at the LHC ring. Figure taken
from [162].
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The beam is prepared for collisions in several steps as illustrated in Figure 3.1, called the CERN ac-
celerating chain. Linear accelerator 2 (LINAC2) [163] was the starting point for the protons used in
experiments at CERN for 40 years and was replaced by Linear accelerator 4 (LINAC4) [164] in 2020.
In LINAC2, protons, obtained from hydrogen atom by stripping off its electrons using electric field,
had reached the energy of 50 MeV at the end and were then injected into the Proton Synchrotron
Booster [165]. Unlike in its predecessor, in LINAC4, negative hydrogen ions consisting of hydrogen
atoms with an additional electron are accelerated to 160 MeV and the ions are stripped of their two
electrons during injection from LINAC4 into the Proton Synchrotron Booster to leave only protons. The
Proton Synchrotron Booster accelerates protons from LINAC2 and LINAC4 to 1.4 GeV and to 2 GeV,
respectively, and transfers the beam to the Proton Synchrotron (PS) [166]. For heavy ions like lead
(Pb), on the other hand, the accelerating chain starts from the Linear accelerator 3 (LINAC3). Lead
ions (Pb+29) are obtained by solid lead evaporation and ionized in an Electron Cyclotron Resonance
Ion Source (ECRIS) called GTS-LHC [167]. They are accelerated up to 4.2 MeV/nucleon and further
stripped from their electrons to Pb+54 in LINAC3. Long pulses from LINAC3 are transformed into high-
density bunches and accelerated up to 72 MeV/nucleon in LEIR [168] and transferred to the PS. At
the PS, the protons and lead ions are accelerated to 25 GeV and 5.9 GeV/nucleon, respectively, in the
desired bunch spacing and delivered to the Super Proton Synchrotron (SPS) [169]. Additional stripper
foils between the PS and SPS strip the ions their remaining electrons, leaving a lead ion beam only
consisting of nuclei, Pb+82. The SPS accelerates the protons up to 450 GeV and the lead ions up to
177 GeV/nucleon. Beams from the SPS are injected into the LHC via TI2 close to ALICE and TI8 close
to LHCb as shown in Figure 3.1 in both clockwise and anticlockwise direction and are then further ac-
celerated to the desired collision energies. Beams inside the LHC are made to collide at four locations,
corresponding to the positions of the four particle detectors, ALICE [170], ATLAS [171], CMS [172] and
LHCb [173].

Since September 2008 when the LHC started up, various collisions (pp, p−Pb, Pb−Pb and Xe−Xe),
at multiple energies, have been provided to the particle detectors [174] through the first physics beam
campaign between 2009 and 2013 and the second physics beam campaign between 2015 and 2018,
called Run 1 and Run 2, respectively. After the Run 2 campaign, the LHC as well as the experiments
including ALICE were in shutdown for upgrading the facilities and maintenance. If there is no special
comment, the further description of the LHC and detectors in this chapter will be based on the Run 2
operation configuration as the data used in the analysis in this thesis was taken during Run 2.

3.2 A Large Ion Collider Experiment (ALICE)

ALICE (A Large Ion Collider Experiment) [170] is a detector dedicated to heavy-ion physics, focusing on
the physics of strongly interacting matter at extreme energy densities. As a general-purpose detector,
the ALICE detector tracks and identifies particles with a very low pT threshold of 0.150 GeV/c in an
environment with large charged-particle multiplicities. For example, an average number of charged
particles produced per unit rapidity of 2035± 52 was measured at midrapidity in Pb−Pb collisions with
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small collision impact parameter at centre-of-mass energy of 5.02 TeV per nucleon [175]. As shown in
Figure 3.2, the detector is composed of multiple sub-detectors.

Figure 3.2: Schematic view of the ALICE detector during LHC Run 2 operation. A detailed description is given
in the text. Figure taken from [176].

A solenoid magnet previously used in the L3 experiment [177] houses the central barrel detectors cov-
ering midrapidity. The magnet provides the magnetic field parallel to the beam axis in nominal magnetic
flux density of 0.5 T. Occasionally, the magnet operates in lower magnetic flux density, 0.2 T. From the
interaction point to large radii, the Inner Tracking System (ITS), the Time Projection Chamber (TPC),
the Transition Radiation Detector (TRD) and the Time-of-Flight (TOF) detector are located, providing full
azimuthal angle coverage for tracking and particle identification. In addition, there are several detec-
tors with reduced azimuthal acceptance, dedicated for specific purposes. The High Momentum Particle
IDentification detector (HMPID) is a Ring Imaging Cherenkov (RICH) counter offering 3σ separation of
pion and kaon up to 3 GeV/c and kaon and proton up to 5 GeV/c [178]. A large Pb-scintillator sampling
calorimeter, the ElectroMagnetic CALorimeter (EMCal) and Di-Jet Calorimeter (DCal), provides an op-
portunity to study jet quenching as well as direct photons and neutral meson production. The photon
spectrometer (PHOS) is also an electromagnetic calorimeter, based on scintillating PbWO4 crystals.
PHOS is dedicated for measurements of direct photons and neutral mesons with help of a Charged
Particle Veto (CPV) detector.

The Muon Arm at forward rapidity (−4.0 < η < −2.4) provides the acceptance of muons down to
low pT around 2GeV/c. It consists of an absorber for suppressing all particles except muons, a dipole
magnet with a field integral along the beam axis of 3 Tm, 10 tracking chambers in 5 stations (Muon
Tracker), 4 trigger chambers grouped in two stations (Muon Trigger) and an iron wall (Muon Wall) in
front of the Muon Trigger for reducing background in the trigger chambers.
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At large rapidities, several detectors are installed for characterizing the event and providing the trigger.
The Forward Multiplicity Detector (FMD) based on silicon strip detectors and the Photon Multiplicity
Detector (PMD) provide event multiplicity. The collision time is measured by the T0 detector, which is
an important reference for TPC and TOF measurements. The V0 scintillating detector is used to deliver
a minimum bias trigger based on its fast response. The V0 provides centrality determination in addition
to the Zero Degree Calorimeter (ZDC), measuring the energy carried by spectator nucleons. The both
V0 and the ZDC are used for rejecting beam-gas background. It is not clearly visible in the Figure 3.2,
however, the T0, V0 and FMD are installed both sides.

The detectors relevant for the analysis in this thesis are described in detail in the following subsections.

3.3 Measurements in central barrel of the ALICE

3.3.1 Time Projection Chamber (TPC)

A Time Projection Chamber (TPC) is a three-dimensional tracking detector, providing information on
many space points of a particle track with the specific energy loss of the particle. TPCs have been
developed and widely used in many experiments [179] since it was proposed as a tracking detector for
the PEP-4 experiment in 1975 [180]. The TPC was chosen as a main detector in the central barrel of
the ALICE for tracking of charged particles and particle identification [181]. The ALICE TPC [182] was
designed to cope with the large charged-particle multiplicities, up to 20000 tracks in one interaction in
the TPC acceptance and with a high rate readout, about 300 Hz for Pb–Pb collisions and 4 kHz for
proton–proton collisions.

The ALICE TPC has a cylindrical shape aligned with the beam pipe and parallel to the magnetic field of
solenoidmagnet. Its acceptance covers the full azimuthal angle and pseudo-rapidity of−0.9 < η < 0.9.
The active volume is about 90 m3, with an inner radius of about 85 cm, an outer radius of about 250
cm, and an overall length along the beam direction of 500 cm. The volume is divided into two parts by
the central electrode at 100 kV which provides a constant field of 400 V/cm along the beam axis with a
voltage dividing network (resistor rods) at the surface of the outer and inner cylinder. During Run 2, the
detector was filled with a counting gas consisting of an Ar-CO2 (88:12) gas mixture [183] which yields
an electron drift velocity around 2.7 cm/µs resulting in a drift time of about 96 µs. The maximum event
rate is about 1.7 kHz, which is limited by gating grid operation for ion collection [184]. The electrons,
produced in the ionization of the gas due to charged particles traversing the detector, drift to the end
plates of the cylinder. On the plates, Multi-Wire Proportional Chambers (MWPCs) with cathode pad
readout are installed in 18 trapezoidal azimuthal sectors for readout, which have been replaced by Gas
Electron Multipliers (GEMs) for the upcoming Run 3 [185]. Considering radial dependence of the track
density, the size of the readout-chamber changes in radius, resulting in the Inner Read-Out Chambers
(IROCs), divided in 63 pad rows with size of 4 × 7.5 mm2 (rφ × r) from 84.8 to 132 cm and the Outer
Read-Out Chambers (OROCs) from 134.6 to 246.6 cm, composed with small ( 6 × 10 mm2 in 64
rows) and large cathode pads (6 × 15 mm2 in 32 rows). In total, 557568 readout channels provide the
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precise measurement of the arrival point on the transverse plane. The position information along the
beam axis is obtained from the measured drift time and the drift velocity which is determined by the gas
composition as well as the density which depends on temperature. Thus, a complete three-dimensional
trajectory of the charged particle track can be determined with space point resolution in the transverse
plane of 300 – 800 µm for high momentum tracks. Using the curvature of the trajectory, the momentum
of the particle is calculated with a momentum resolution of 6% at 10 GeV/c, becoming larger to 20%
at 100 GeV/c and smaller to 1% at 1 GeV/c.

The amount of energy loss in the TPC active volume is translated into the pulse height of the signal
collected at the readout chamber. The measurement of the energy loss per each track is sampled on
up to 159 pads, the total number of pad rows in radial direction. Due to the long tail towards high pulse
height in the straggling function from the contribution of large energy transfers in a single collision (i.e.
δ electrons), the truncated mean (< dE/dx >), average calculated after excluding the upper 40% of
the sampled distribution, is used for the particle identification. The average energy loss per unit path-
length can be described by the Bethe-Bloch formula between a travelling particle with momentum βγ

and atoms of the absorber. By correcting the screening of the particle field by polarizable atoms, the
so-called "density effect" (δ(βγ)), and introducing the maximum possible energy transfer in a single
collision (Wmax), the Bethe-Bloch formula reads as follow [186],〈

−
dE
dx

〉
=

4πNe4

mc2
1
β2 z2[ln

√
2mc2Wmaxβγ

I
−
β2

2
−
δ(βγ)

2
], (3.1)

where mc2 is the rest energy of the electron, z is the charge number of incident particle, N is the number
density of electrons in the matter traversed, e is the elementary charge and I is the mean excitation
energy. In practice, Equation 3.1 is often replaced by a simple parametrization of the form with 5 free
parameters (Pi):

f (βγ) =
P1

βP4

(
P2 − β

P4 − ln
(
P3 +

1
(βγ)P5

))
. (3.2)

Figure 3.3 shows as an example of the paramerization as a function of particle momentum for different
particle species (denoted i, for electrons, pions, kaons, protons,...) together with the measured TPC
signal. The deviation of the measured signal of a track (dE/dx) from the expected signal for a given
particle (< dE/dx >i) species i in units of the corresponding detector resolution (σ) is defined as a
selection variable for particle identification,

nσi =
dE/dx− < dE/dx >i

σ
. (3.3)

The measurement of the energy loss is influenced by the system-wise effects (e.g. gas composition
and pressure, pad size, . . . ) which is typically about 5% for gaseous detector [188] and a statistical
effect, i.e. inversely proportional to the number of samples. With a cosmic-ray data sample, the energy
resolution of single tracks was obtained as a function of the number of clusters (Ncl), resulting in about
9 % for Ncl = 60 and nearly 5 % for Ncl = 159 [182]. The usage of the TPC for electron identification
for this analysis will be discussed in Chapter 5.
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Figure 3.3: Specific energy loss (dE/dx) in the TPC in p–Pb collisions at
√

sNN = 5.02 TeV. Solid lines represent
the expected signal for each particle species. Figure taken from [187].

3.3.2 Inner Tracking System (ITS)

The Inner Tracking System (ITS) [189] consists of six cylindrical layers of silicon detectors covering
the −0.9 < η < 0.9. The tasks of the ITS are to localize the primary vertex and secondary vertices
from decays of hyperons and charm and beauty hadrons, to track and identify particles with momen-
tum below 0.1 GeV/c which are not detected by the TPC, as well as to improve the momentum and
spatial resolution of high-momentum particles traversing the TPC. To fulfill its duties, the ITS is located
innermost of the ALICE detector surrounding beam pipe, at radii 3.9, 7.6, 15.0, 23.9, 38.0 and 43.0
cm from the interaction point, optimized for efficient tracking with high spatial resolution. As the track
density decreases from small radii to large radii, three different technologies were adopted for the sili-
con sensors. The two innermost layers consist of Silicon Pixel Detectors (SPD). Silicon Drift Detectors
(SDD) are used for the two intermediate layers. The two outer layers of the ITS are made of Silicon Strip
Detectors (SSD). In addition, due to the high-particle density expected in the collisions, the radiation
hardness and material budget were considered for the design of the ITS.

The basic element of the SPD is a module including a two-dimensional sensor matrix composed of 256
× 160 cells (pixels) covering 12.8 × 70.7 (rφ× z) mm2 active area. Each cell measures 50 µm and 425
µm in the rφ and the z direction, respectively. In total, 240 modules are installed (80 for the 1st layer
and 160 for the 2nd layer) resulting in 9.8 × 106 cells providing clear two-track separation and precise
position resolution with fast read-out in 25.6 µs as digital output.
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The module of the SDD [190] is 300 µm thick and has an active area of 70.2 × 75.3 (rφ × z) mm2 ,
split into two drift regions by a central cathode. Each drift region consists of 256 anodes with a pitch
of 294 µm collecting the charge drifting orthogonally to the beam axis. On the surface of the module,
the cathode strips with 120 µm pitch fully deplete the detector volume and generate the drift field. The
coordinate along the beam axis is obtained directly from the position of the anode. The coordinate in
the transverse plane with respect to the beam axis is derived from the drift time. The dE/dx information
for particle identification is read as an analogue signal. Since the readout time of the SDD is about 1
ms, part of the data was recorded without SDD information [191]

Double-sided silicon strip sensors with an active area of 73 × 40 (rφ × z) mm2 are the basic units for
the SSD. Each side of the sensor is composed of 768 strips with a pitch of 95 µm and length of 40 mm.
The strips on one side of the sensor (p-type) are oriented at an angle of 7.5 mrad with respected to the
beam axis and those on the other side of the sensor (n-type) are at an angle of 27.5 mrad, resulting
in a 35 mrad stereo angle. For certain azimuthal angles, there are four different strip orientations, as
a result of mounting the sensor p-type(n-type) in the inner(outer) layer of the SSD facing the beam
pipe. This reduces the fake track probability significantly by reducing the rate of ambiguities in track
reconstruction. In addition, as the strip orientations are nearly parallel to the magnetic field, the better
position resolution is obtained in the bending direction. The sensors have a thickness of 300 µm,
to provide a reasonable signal-to noise ratio for analog readout, the dE/dx information for particle
identification.

3.3.3 Global tracking

The reconstruction of the primary vertex is one of the main tasks of the SPD. The reconstruction starts
by building SPD tracklets, virtual lines made from pairing clusters from each layer. The space point
which gives the minimum distance for all contributing tracklets is defined as the primary vertex and is
used as an input for global tracking. Global tracking is performed in three stages as shown in Fig-
ure 3.4. The track reconstruction starts from the outermost TPC by building the track seeds with two
TPC clusters and the primary vertex reconstructed with SPD tracklets. The track candidates are prop-
agated inwards to the inner TPC radius, the innermost ITS layer and primary vertex. Based on the
point of the closest approach to the primary vertex obtained by extrapolation of the reconstructed track,
the outward propagation starts. The tracks are refitted by the Kalman filter [193] in this step, using the
clusters found at the previous inward propagation. The tracking continues outwards up to the TOF or
detectors located at larger radii such as the EMCal if they are available for the propagation. Neverthe-
less, the detectors located outside the TPC do not contribute in the update of the track properties, but
their information is stored as additional track properties. In the final stage, the refit is performed again
inwards and the track parameters are determined. Then, the interaction vertex with better precision
than the one from SPD tracklets are extracted again based on reconstructed tracks.

The track distance of the closest approach to the primary vertex, the so-called impact parameter (d0)
is one of the crucial track properties in analyses using the displaced secondary vertex information,
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Figure 3.4: An illustration of global tracking in the ALICE central barrel. Figure taken from [192].

like this thesis work. In ALICE, the transverse impact parameter, d0,xy, is frequently used since the
tracks are bent due to the magnet and more granular active area of the SPD provides better resolution
in transverse plane. Figure 3.5 shows the illustration of d0,xy for a track originated from the primary
interaction vertex and secondary vertex. Ideally, a track originating from the primary interaction vertex
has d0,xy = 0. The d0,xy of a track originating from secondary vertex, however, is proportional to the
distance between the primary and secondary vertex, so-called flight distance. The measured d0,xy for a
track originated from the primary interaction vertex, however, can be non-zero due to the finite detector
resolution as well as the straggling of a track traversing the detector material. For example, Figure 3.6a
shows the d0,xy of reconstructed electron candidates from Dalitz decays of π0 in data in 1.6 < pT <

2.0GeV/c, fitted with a Gaussian and symmetric exponential tails. The mean of the distribution is at 0
and the width, representing the resolution of d0,xy, is about few 10 µm. Figure 3.6b shows the resolution
of d0,xy for pions, kaons and protons reconstructed with the ITS and the TPC in pp collisions at

√
s

= 7 TeV as a function of pT compared with the corresponding simulations. First, the pT and particle-
species dependence of the d0,xy resolution is clearly seen, which originates from the multiple scattering
effects [194]. Although the overall trend of the d0,xy resolution is well described by MC simulation, at
the same time, small discrepancies between the data and MC simulation are observed which indicate
that the spatial resolution of reconstructed track in data is not precisely described in MC simulation.
The physics observable in this thesis is extracted based on the decay length, which highly depends on
spatial resolution of tracks, from MC simulations. Therefore, it was essential to estimate the impact of
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Figure 3.5: An illustration distance of the closest approach to the primary vertex for a track originating from the
primary vertex and secondary vertex in the transverse plane perpendicular to beam axis.

the discrepancy in this thesis as well as to understand the origin of the discrepancy. Various studies
were carried out and described in Chapter 4.

The Figure 3.7 shows the transverse momentum (pT) resolution as a function of the inverse of pT.
It is clearly visible that constraining the primary vertex significantly improves the resolution of TPC
standalone tracks. In addition, better resolution is achieved for tracking performed with the TPC and
the ITS combined. Using reconstructed tracks, the primary vertex is recalculated providing a higher
precision than the one from SPD tracklets only.

3.4 Electron trigger with Transition Radiation Detector (TRD)

3.4.1 Transition Radiation Detector (TRD)

Various probes of the QGP involve electrons, e.g. dielectron pairs from direct decays of vector mesons
(ρ, ω, φ, J/ψ, Υ, ...), electrons from Dalitz decays of scalar and pseudoscalar mesons (π0, η, η′, ...)
and from thermal radiation of the QGP, as well as single electrons from the decays of open heavy-
flavour hadrons which have substantial branching ratios. The ALICE Transition Radiation Detector
(TRD) was originally built to provide electron identification in the central barrel for momenta above
1 GeV/c, enabling the measurement of those probes for the large charged-particle multiplicities of
heavy-ion collisions. In addition, it was designed to derive a fast trigger for charged particles with high
momentum not only for rare probes associated with electrons but also for jets. As clearly indicated
by its name, the TRD is based on the transition radiation (TR) which occurs when an ultra-relativistic
particle (βγ > 800) crosses the border between materials with different dielectric constants.

The TRD is located in the central barrel of the ALICE detector, it surrounds the TPC at a radius from
2.90 m to 3.68 m. The basic building block of the TRD is a multi wire proportional chamber (MWPC)
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Figure 3.6: Resolution of the d0,xy. The contribution of the primary vertex resolution is included. Figures taken
from [191].

as illustrated in Figure 3.8 [196]. Each chamber has pad readout preceded by 3 cm of drift region
filled with a Xe-CO2 (85-15) gas mixture with a drift field of 700 V/m, resulting in a drift velocity of 1.56
cm/µs. A radiator, made up of polypropylene fibre mats of 3.2 cm thickness sandwiched between two
plates of laminated carbon fibre sheets of 100 µm thickness, is mounted in front of the drift region. Six
chambers are layered in radial direction to form a stack. A sector, a bundle of the five stacks along
the beam direction, is combined in a mechanical casing with all service connections and called as
supermodule. In full azimuth, 18 supermodules are installed matching to the 18 trapezoidal sectors
in the TPC. Exceptionally, the middle stack of three sectors located at the azimuthal coverage of the
PHOS detector were not installed to minimise the material in front of the PHOS detector. In total, 522
individual readout chambers are installed. The active area and the geometry of the cathode pad plane
for each chamber were adjusted to achieve a homogeneous granularity in radial direction and along
the beam direction. The active area per chamber varies radially and along the beam axis from 0.9 m ×
1.06 m to 1.13 m× 1.43 m (y× z), resulting in the total active area of the TRD of 673.4 m2. The cathode
pad plane of each chamber is segmented into 16 pads (12 pads for the chambers located in the middle
stack of each supermodule) along the z-direction and 144 pads in the bending plane (rφ plane). The
small width of the pad row in the bending plane (rφ plane) varies from 0.635 cm to 0.785 cm radically.
This size of the width enables the charge to be shared over typically three adjacent pads, resulting in
a spatial resolution of 400 µm in the bending plane. The length of the pad from 7.5 cm to 9.0 cm along
the beam-axis provides sufficient resolution along the beam direction for reconstructing and matching
the track with the TPC, which is improved by tilting the pads by ± 2◦ (sign alternating layer-by-layer)
in z−direction. Overall, there are 1150848 readout channels within the TRD covering full azimuth and
−0.84 < η < 0.84.

The average pulse height, which is proportional to the charge deposition, is shown as a function of drift
time for electrons and pions in Figure 3.9. For all distributions, an arbitrary offset of 0.3 µs is shown.
The time axis can be read as the distance between cathode pad and the point where the source of
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Figure 3.7: Inverse-pT resolution (σpT
pT
= pTσ 1

pT
) for tracks reconstructed in different ways, standalone TPC

and ITS–TPC tracks with and without constraint to the primary vertex estimated with the SPD tracklets. Figure
taken from [191].

Figure 3.8: A schematic view of the TRD readout chamber in x − z plane with tracks of an electron and a pion.
Drift lines are calculated with Garfield [195] for nominal operation conditions. Circles along the drift lines indicate
charge deposition. The short wave and the large circle along the electron trajectory represent the transition
radiation photon and its absorption. Figure taken from [196].

signal is generated. For instance, the large amplitude shown at early times is from the amplification
region and peak position in the amplification region represents the position of the anode wire, caused
by charges coming from both sides of the anode wires. The average pulse height is the gain in the TRD,
which is composed with the ionization energy loss created by the particle traversing the drift region and
TR. The difference of the ionization energy loss between pions and electrons is clearly visible in the
Figure 3.9, by comparing the pulse height of pions and electron without TR. From the comparison of
electron with and without TR, the contribution of TR can be clearly seen at late times, i.e. the time
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Figure 3.9: Average pulse height as a function of drift time for electrons and pions, measured with a prototype
read-out chamber at a CERN test beam. Figure taken from [197].

around 2.5 µm, corresponding to the entrance of the chamber where the TR photons are most likely to
be absorbed. Tails of the distributions reflect the slow ion movement. One of the variables expressing
the electron identification performance in the TRD is a pion rejection factor, which is defined as the
inverse of the fraction of pions that are incorrectly identified as electrons. At a momentum of 1 GeV/c,
the pion rejection factor better than 100 at an electron efficiency of 90% in p–Pb collisions was obtained.
And the pion rejection factor gradually decreased to about 50 at 4 < p < 5 GeV/c [198].

3.4.2 TRD electron trigger

The Central Trigger Processor (CTP) of the ALICE detector evaluates the trigger inputs from the trigger
detectors and the LHC burst crossing signal and generates the trigger decision. In ALICE, the trigger
inputs are divided into three different levels upon their associated latencies, Level-0 (L0), Level-1 (L1)
and Level-2 (L2). The decision of the L0 is made in 0.9 µs after the collision using the input from
fast detectors such as V0, SPD and T0, mainly to trigger the minimum-bias interaction and sent to the
detectors in 1.2 µs. The events accepted at L0 are further evaluated with the L1 trigger inputs with
specific Physics interest from the slower detectors due to their computation time including TRD and the
long propagation time (ZDC) arriving in 6.1 µs at CTP. The L1 trigger decision is made at about 6.5 µs.
The L2 trigger is issued after about 100 µs after the collision which dictated by the drift time of the TPC.
The interval 100 µs is the time window during the TPC gating grid open and ionization electrons from
the TPC drift volume can enter the amplification region. The gating grid has to be closed for 300–500
µs to keep the drift volume free of large space-charge accumulations from back-drifting ions [182].
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The main purpose of the L2 trigger is to prevent events with multiple collisions from different bunch
crossings piled-up in the TPC (past–future protection).

As shortly mentioned above, the TRD contributed to the L1 trigger during the LHC Run 1 and Run 2.
Besides zero-suppressed readout of ADC data (raw data), the TRD supports so-called tracklet read-out
in online. The trigger input is evaluated from the online reconstructed tracklet within a stack to select
the events having physics observables, i.e. high pT electrons, light nuclei and jets. In the following
subsections, the local online tracking and global online tracking as well as the triggering on electrons
with the TRD are discussed.

TRD Front-End Electronics (FED) and tracklets

Each readout chamber is equipped with 6 (for central stacks in each supermodules) or 8 readout boards
(ROB). On each ROB, 16 Multi-Chip Modules (MCM) are mounted in order to connect to pads and to
process the data. For some chambers, there are additional MCMs for merging signals from other
MCMs. Each of the 65000 MCMs used for data processing is directly connected to 18 pads and hosts
two custom chips, an analog PreAmplifier and ShAper (PASA) and a TRAcklet Processor (TRAP). The
induced signal on the cathode pad plane, typically 7 µA during 1 ns, is amplified and optimally shaped
for the digitization through the PASA and fed into the TRAP ADC. The TRAP digitizes the signal with a
sampling frequency of 10 MHz corresponding to time bins of 100 ns. The number of time bins can be
configured in the FEE and at maximum 30 time bins are technically supported. Considering the drift
time, 22 time bins were chosen for Run 2 operation to reduce the unnecessary readout time and the
data volume.

The next step of the signal processing is handled by a configurable digital filter chain after appending
two digits to the ADC output to avoid rounding effects. First, through the pedestal filter, the channel-
specific baseline is subtracted from the pedestal of the signal and a common baseline is added again
to guarantee that all signals have a configurable value. Then, the gain filter plays a role, correcting for
the local variation of the gain. Correction factors for individual channels are obtained from dedicated
calibration runs with meta-stable Krypton (83mKr) added to the gas system [199], using the decay energy
of Krypton (83mKr) to the ground state. There are additional filters in digital filter chain [200], but not
used for the Run 2 data taking.

The filtered data are sent to a hardware pre-processor for cluster finding. In order to determine a cluster,
time bin-wise data from three adjacent pads are used [201]. A set of pads should fulfil the following se-
lection criteria to be a cluster, 1) the charge of three neighboring pads has to exceed a certain threshold
which can be configured in the FEE and 2) the central pad has the largest charge. The local transverse
position of found clusters is defined as the centre of gravity of the charges calculated with a correction
based on the pad response function using look-up tables. For each channel, the sums of several prop-
erties (the number, y−positions, time bins and charge of found clusters) are calculated and stored for
further processing. A maximum of four channels, having the largest number of clusters in the MCM and
fulfilling the following two conditions, can be further processed on the CPUs, 1) the number of clusters
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found exceeds a certain threshold which can be configured in the FEE, and 2) the sum of the number of
clusters found in given channel and in neighboring channel exceeds another configurable threshold. In
the CPU, the channel-wise sums are accumulated with those of the neighboring channels, considering
the shift in transverse position of the neighboring channel. Then, a straight line fit (y(t) = y + b · t)
is computed to obtain the transverse position (y) with respect to the centre of the chamber and the
deflection over the bending plane (dy) as illustrated in Figure 3.10. The latter one is converted from the

Figure 3.10: A sketch of the tracklet reconstruction processed in the TRAP presented in the xy plane. The
transverse position y with respect to the centre of the chamber at the beginning of the drift time (virtual t = 0)
and the deflection dy are obtained from the described fit. The effect of the Lorentz drift is represented by Lorentz
angle ΨL . Figure taken from [196].

slope parameter (b) using known parameters of pad width, drift velocity and drift length. The resulting
y and dy from the fit are corrected for the effect of the pad tilt of 2◦ with respect to the z axis as the tilted
pad introduces as small z−position dependency for y and dy . In addition, there is another effect which
is considered for better description of dy . Due to the presence of a magnetic field perpendicular to the
drift field, the drift path is not a straight line perpendicular to cathode plane, but tilted by Lorentz angle
(ΨL) as shown in Figure 3.10. Both effects were calculated for each MCMs in advance as constant
values, stored and corrected in the TRAP [202]. The longitudinal z position is derived from the position
of the pad row, matching to the MCM. The accumulated charge is translated into the likelihood value
of electron (PID value), based on the total integrated charge distribution of electrons in a configurable
look-up table. The tracklet information is encoded into a 32-bit word, merged in merger MCMs and sent
to the Global Tracking Unit (GTU) through Optical Readout Interfaces (ORI) via optical links (DDL).

Global online tracking

The data is transmitted stack-wise to the corresponding Track matching units (TMUs) implemented in
the FPGAs of the GTU. As a first step, tracklets are first grouped by their positions in the xz plane.
The tracklets of each selected group are projected onto a virtual yz plane in the middle of the stack.
The groups having at least four tracklets which are close enough to assume that they are originating
from the same track are selected for online track reconstruction. The position of the tracklets are fit
with straight lines which is a reasonable approximation of the trigger-relevant tracks above 2 GeV/c as
they have little curvature. The transverse offset a from the nominal primary vertex position is translated
into 1/pT of the reconstructed track. In addition, the average PID value of tracklets contributing to
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the track reconstructed online is assigned as a PID value for the track. The information of the five
TMUs from same supermodule are combined on the SuperModule Unit (SMU) and delivered to the
Data AcQuisition system (DAQ) for the trigger decision. The online tracks and matching offline track
correlation and the width of the trigger turn-on curve were used for parts of the quality assurance of the
online reconstructed tracks. The results give about 10%momentum resolution for online-reconstructed
tracks with momenta of 1.5 - 5 GeV/c [196].

Trigger on electrons

As briefly discussed in the previous section, the TRD measures the specific energy loss in the gas and
the transition radiation of charged particles passing through. Figure 3.11 shows the average charge per

Figure 3.11: Total integrated charge normalized to the tracklet length measured in a single read-out chamber for
electrons (circle) and pions (square) in p–Pb collisions at

√
sNN = 5.02 TeV for 1.9 < p < 2.1 GeV/c. Sold lines

along the data points represent results from test beam measurements [197, 203]. Figure taken from [196].

unit tracklet length measured in a single read-out chamber for electrons and pions in p–Pb collisions
at
√

sNN = 5.02 TeV for 1.9 < p < 2.1 GeV/c. In order to obtain electrons and pions with high purity, in
addition to the particle identification with the TPC and TOF, topological selection criteria were applied
to select electrons from photon conversion in material (γ → e+e−) and charged pions from K0

s (K0
s →

π+π−). As already seen in Figure 3.9, the charge deposition of electrons is larger than pions due to
the larger specific energy loss of the ionization and transition radiation. The results are consistent with
measurements taken at the CERN PS in 2004 with electron and pion beams [197, 203] and used for
online particle identification for the trigger decision. The charge distribution of electrons is written on
one-dimensional universal look-up table considering a correction factor for the tracklet length. The
look-up table is stored on MCM and used to calculate the electron likelihood of reconstructed track as
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discussed in the previous section. An electron likelihood, which has a value between zero and one, is
translated into an integer PID value from 0 to 255 (unsigned 8 bits). So, the trigger decision for high-pT

electron is derived from pT and the PID value.

Figure 3.12: Electron-positron pair produced by photon conversion at a large radius, in front of the TRD shown
in the transverse plane. Figure taken from [196].

There were two modes for high-pT electron trigger available in the LHC Run 2 data taking period.
One mode (HSE) is defined with a pT threshold of 3 GeV/c focusing on reaching a higher pT range in
the measurement of electrons from semileptonic decays of heavy-flavour hadrons. For another mode
(HQU), the pT threshold is set to 2 GeV/c to cover most of the cross section of quarkonium production.
The PID threshold for each mode is optimized to have both triggers run at the similar rate. The PID
is set to 120 and 135 for HSE and HQU, respectively, achieving a rejection of minimum bias events
by a factor of about 100. The dominant background of the electron triggers is caused by electrons
from "late" conversion of photons at large radii, which is especially problematic in online tracking as
the track reconstruction algorithm is designed based on the assumption that tracks originate from the
primary vertex. As illustrated in Figure 3.12, the reconstructed conversion leg tends to have larger pT

than the actual value due to their displaced conversion vertex. In order to suppress the contribution of
late conversions, two additional conditions are required for online reconstructed tracks. One condition
is that the track must have at least five tracklets and one of which must be in the innermost layer of the
TRD. Another is that the Sagitta in the readout chambers (∆1/pT) calculated online must be smaller
than a certain upper limit, which was optimized to 0.2c/GeV for the Run 2 data taking period [204].

The specific energy loss in the TPC of electrons for theminimum bias data sample and the TRD electron
triggered data sample is presented in Figure 3.13. It is clearly visible that the ratio of electrons to
hadrons is much larger for the triggered data sample. The further suppression of hadrons was achieved
by using the offline TRD PID information. To quantify the enhancement of electrons with the trigger,
an enhancement factor is calculated as a ratio of the number of electrons in the TRD triggered data
sample to the one in the minimum-bias data sample. The enhancement factor as a function of pT in
p–Pb collisions at

√
sNN = 8.16 TeV is presented in Figure 3.14. First, the turn-on curve around pT
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Figure 3.13: TPC dE/dx expressed as a deviation from the expected energy loss of electrons, normalized by
the energy loss resolution in p–Pb collisions at

√
sNN = 5.02 TeV for tracks with momenta of 4 - 10 GeV/c. Events

which are likely to be triggered by electrons from photon conversion were rejected by matching the online track
with a track in the TPC. The distribution of the minimum bias data sample is scaled by 0.85 to match its maximum
to the maximum of the distribution for the triggered data sample. Figure taken from [196].

threshold is clearly visible in both configurations. The enhancement factor of the HQU trigger is about
62 and that of the HSE trigger is about 82. The further properties of the TRD triggers for electrons
including the trigger efficiency will be discussed in Chapter 4.

Figure 3.14: Enhancement factor of the TRD electron triggers as a function of pT (left for HQU and right for HSE)
in p–Pb collisions at

√
sNN = 8.16 TeV obtained by comparing the number of electrons in the TRD triggered data

sample to the one in the minimum bias data sample.
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4 Data and Monte Carlo samples, and calibration of the
Monte Carlo Simulation

4.1 Data sample

The data sample used in this thesis work was collected by the ALICE detector described in Chapter 3 in
week 47 and 48 in 2016, where proton and lead beamswere brought into collisions. The proton and lead
beams had an energy of 6.5 TeV and 2.51 TeV per nucleon, respectively, resulting in a nucleon–nucleon
centre-of-mass collision energy of

√
sNN = 8.16 TeV. The asymmetry of the beam energy per nucleon

leads to a shift of the nucleon–nucleon center-of-mass rapidity frame in direction of the proton beam
by ∆y = 0.465. The data sample consists of two data taking periods having opposite beam direction,
one with protons going towards and another with lead ions moving towards the direction of the muon
spectrometer. The data sample from both periods was combined to reduce the statistical uncertainty
and referred to as p–Pb collisions from hereafter. The recorded events were reconstructed as described
in previous chapter, containing lists of charged tracks as well as global event properties used for this
thesis work.

Not all collected events can be used for the analysis. For example, one or more collisions occurring in
bunch crossings different from the one which triggered the acquisition and beam induced background
events were removed using the time information of the V0 detector. In addition, several criteria based on
reconstructed vertex were required to guarantee full ITS acceptance and to reject unwanted collisions
from other bunches, summarized in Table 4.1. The contributions of nonphysical events got negligible.

selection criteria
|z position of global vertex| < 10 cm

|Difference between z position of global vertex and of SPD vertex| < 0.5 cm
Resolution of z position of SPD vertex < 0.25

Table 4.1: List of event selection criteria applied in this analysis. The SPD vertex refers to the reconstructed
vertex only with SPD tracklet information while the global vertex was reconstructed with the full central barrel
tracking.

As described in Chapter 3, two independent TRD electron triggers were available during the data taking
period. Since the triggers were independently operated, a fraction of the events satisfies both trigger
conditions. The triggered events were selected in the offline analysis by level-1 filterbit information,
having at least one electron trigger.
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Figure 4.1: (Left) Inverse of the trigger normalization factor as a function of run number for HQU, HSE and
HQU+HSE. Open symbols show same quantity obtained after applying event selection criteria listed in Table 4.1.
(Right) Integrated luminosity of the TRD triggered events (HQU+HSE) used in this analysis as a function of run
number. Black ad red points stand for p–Pb and Pb–p collisions respectively. Figures taken from [205].

4.1.1 Luminosity

The integrated luminosity of the data sample was determined from the number of equivalent minimum
bias events (NMB), divided by the minimum bias cross section obtained from Van der Meer scan (see
below) σMB, L = NMB

σMB
. The integrated luminosity was estimated for each run, a small chunk of data

sample collected closely in time that included events sharing similar data taking conditions.

Since TRD-triggered events were required to have an absolute z position of the global vertex smaller
than 10 cm for the analysis, some fraction of the events was excluded due to the absence of recon-
structed vertex. In other words, the total number of TRD triggered events (NTRD) is not equivalent to
the number of the events used in the analysis, thus, had to be estimated separately. As a first step,
f iz =

N i ( |z |<10cm)
N i ( |z |<∞)

was evaluated for each run, i, by fitting to z-vertex distribution with Gaussian function.
Assuming that there is no difference between z−component of vertex distribution of events with recon-
structed vertex and without, N i

TRD was estimated by scaling the total events without applying selection
criteria on vertex information (N i

raw) with f iz , N i
TRD = f iz × N i

raw. Then, the trigger normalization factor
( f iTRD) was defined as a number of minimum bias events equivalent to one TRD triggered event. The
fraction of minimum bias events which in addition have the TRD trigger input present was evaluated
as shown in the left of Figure 4.1 for each run, which is the inverse of the trigger normalization factor
( 1
f iTRD

). The corresponding uncertainty was calculated based on binomial distribution as the numera-
tor is subset of the denominator. Finally, the number of equivalent minimum bias events (NMB) was
determined as N i

MB = f iTRD × N i
TRD = f iTRD × f iz × N i

raw.

The visible cross-section of minimum bias events was determined via Van-der Meer scans for each
beam direction, σMB = 2.09 ± 0.03 b and 2.10 ± 0.04 b for p–Pb and Pb–p collisions respectively [206].
With these numbers, the integrated luminosity was calculated for each run as presented in the right of
Figure 4.1, resulting 694.8 ± 13.3µb in total.
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Figure 4.2: (Left) Average gain of the TRD for each run. Binning of the gain was adjusted considering the
measurement precision of the gain, which is about 1.4% [196]. Categories for the trigger efficiency estimation
were presented on left upper corner. (Right) Number of events in each category for minimum bias events (black),
minimum bias events having the TRD trigger input present scaled by 100 for visualization (red) and TRD triggered
events (green). Figures taken from [205].

4.1.2 TRD single electron trigger efficiency

Similar to the determination of the trigger normalization factor, minimum bias events and the subset of
them having the TRD trigger input present were used for the trigger efficiency estimation. It should be
noted that the data for global event and TRD trigger was separately read and stored in the raw data
and only the data for global event was used for the event reconstruction, so that, the TRD online track
information could not be directly associated with global tracks in reconstructed events. For tracks in the
events, several selection criteria described in Table 5.1 were required for electron identification. Then,
the trigger efficiency was calculated as a function of pT by

εtrg(pT) =
NMB+TRD
e (pT)

NMB events
e (pT)

(4.1)

where NMB events
e and NMB+TRD

e represent the number of electrons in minimum bias events and in
subset of minimum bias events, which also have the TRD trigger input respectively.

As a gaseous detector, the TRD gain which is directly connected to the particle identification capability,
can change sensitively by small variation of pressure and gas composition. During the operation,
these effects could be mitigated by adjusting high voltage of the detector. Nevertheless, to cope with
residual effects, the average gain over all TRD chambers was investigated for each run as illustrated
in Figure 4.2. In order to avoid statistical fluctuations, runs with similar gains were grouped. For each
group, the trigger efficiency defined as Equation 4.1 was estimated. Since the fraction of events in each
gain group is different for the minimum bias events and TRD triggered events as shown in Figure 4.2
(right), the obtained trigger efficiency for each group was averaged with the number of TRD triggered
events as a weight. The resulting trigger efficiency for the two trigger operation modes, HSE and HQU
are presented separately for electrons and positions in Figure 4.3. First of all, the different trend between
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(right column) given as a function of the reconstructed pT. The lines indicate the fit functions for the parameteri-
zation described in the text in detail. Figures taken from [205]

electrons and positrons is seen for both HSE and HQU as expected due to the E×B effect. Though the
reconstructed pT shown on the x-axis is not exactly the same as the TRD online pT used for the trigger
decision, all four distributions show the onset of the pT threshold. As briefly mentioned above, since
TRD online tracks could not be matched to reconstructed tracks, in case there are more than 1 electron
in the events, not only the electron which actually triggered the given event, but all electrons enter in the
efficiency calculation. As a consequence, even below the pT threshold, a non-zero trigger efficiency
was obtained for all cases. This additional contribution was studied in more detail with the MC sample,
discussed in the next sub-section. The red solid lines along the data points in Figure 4.3 show the
functional parameterization of the measured trigger efficiency. An error function with a constant offset
was used to describe the measurement of electrons while one more error function was added for the
description of positrons.

Possible dependence of the trigger efficiency on η and φ was studied via calculating the integrated
efficiency as a function of η and φ with high pT electrons and found to be negligible [205]. And the
obtained trigger efficiency was cross-checked with an alternative method using the trigger normalization
factor obtained for the luminosity estimation ( fTRD) in following:

ε(pT) =

number of electrons in TRD triggered events
(number of TRD triggered events)× fTRD

number of electrons in minimum bias events
number of minimum bias events

, (4.2)

which gives similar results.
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4.2. Monte Carlo simulation

4.2 Monte Carlo simulation

Dedicated Monte Carlo (MC) simulations were produced to better understand the detector response
of the signal, J/ψ in this analysis, and correct for geometrical acceptance and efficiency introduced by
applying selection criteria to enhance the signal to background ratio. Minimumbias p–Pb collisions were
simulated with the EPOS-LHC model [207]. For 70% of the minimum bias events, one J/ψ meson per
event with a flat rapidity distribution and a natural pT distribution from previous measurement [208] was
embedded to simulate the prompt J/ψ production. Based on the J/ψ polarization measurements [119],
the J/ψ mesons were simulated unpolarized. For the remaining 30 % of the events, a bb pair per event
was added and forced to decay into J/ψ with PYTHIA 6.4 [81] to generate non-prompt J/ψ. The decay
of J/ψ to di-electrons was governed by EvtGen [209] with enabling PHOTOS [210] for QED radiative
corrections in the decays. All generated particles were transported through the detector setup using
GEANT3 [211] considering a realistic detector response and reproducing the detector performance
during the data taking period. Due to the imperfection of MC describing data, some corrections of the
MC simulation were required. In this analysis, a correction was applied for the improper description of
the track pointing resolution and of the TRD trigger performance in MC which are described in following
sections.

4.3 Calibration of the trigger efficiency in Monte Carlo simulations

As well as other detectors, the TRD response was simulated in the MC production. Nevertheless, the
trigger efficiency in the MC sample shows a large discrepancy with respect to data as presented in
Figure 4.4. As shown in Figure 4.5, TRD PID distribution of data and MC looked similar, further study
was focused on other effects than trigger performance itself, such as the abundances of particles,
electrons in particular.

Upper plots in Figure 4.6 show the trigger efficiency for the events with prompt J/ψ and events with a
beauty quark pair forced to decay to non-prompt J/ψ separately. The difference of the trigger efficiency
between the events with prompt J/ψ and events with beauty quark pair forced to decay to non-prompt
J/ψ became much smaller when the events were required to contain only one J/ψ per event, as shown
in the bottom plots of Figure 4.6. Based on this result, the events with beauty quark pair to non-
prompt J/ψ were excluded from the further study of the trigger efficiency as having more than one
non-prompt J/ψ in the event with beauty quark pair is extremely rare in real data sample considering
the branching ratio and introducing artifact. The effect of the electron abundance in the MC sample was
further studied. As presented in the upper two plots of Figure 4.7, the trigger efficiency of MC events
containing prompt J/ψ were decomposed in three types of events, the events triggered by an electron,
by a positron and by a hadron other than electron or positron. Assuming that di-electron decay mode is
far less likely to happen in real data with respect to decaymodes creating the single electrons, the events
triggered by a counter-particle were excluded and compared with data as shown in the bottom two plots
of Figure 4.7. The subtraction of those contributions in MC results in a better description of the data,
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Figure 4.4: TRD trigger efficiency as a function of reconstructed pT in data (open circle, blue) and MC (star, red)
applying same electron selection criteria for HQU in top row and HSE in bottom row. Positrons (left column) and
electrons (right column) are presented separately.

especially comparing the offset below the pT threshold. In addition, the source of the offset present in
trigger efficiency curves both in data and MC got clear, i.e. due to the contribution of underlying events.
Although the event was triggered by other particles than an electron, this electron is added into trigger
efficiency calculation under the definition in Equation 4.1. If there is no strong correlation between
the trigger particle and the electron, the electron spectrum in events triggered by other particles is the
same as the one in minimum bias events but scaled by a constant value proportional to the trigger
rate, resulting in constant trigger efficiency as a function of pT. Small residual discrepancy between
data and MC was improved by optimizing the PID thresholds for the MC that give the same single track
trigger efficiency as in the data. Figure 4.8 shows the trigger efficiency in MC simulation with applying
different TRD PID thresholds for HSE and HSU separately for electrons, positrons and the contribution
of the underlying events (UE). The resulting optimized TRD PID threshold values are summarized in
Table 4.2. The origin of the residual discrepancy could be different particle abundances as well as their
pT shape in data and MC since the optimized threshold for underlying events differs more to the original
value. The MC sample was tagged as TRD triggered events with new optimized threshold and used
for calculation of trigger efficiency for J/ψ and extraction of non-prompt J/ψ fraction.
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4.3. Calibration of the trigger efficiency in Monte Carlo simulations

Figure 4.5: Distributions of TRD PID value in data and MC for electrons (top row) and for positrons (bottom row).
Plots in left column represent for HQU and in right column for HSE. Electrons (positrons) in 3 < pT < 10 GeV/c
was selected based on TPC dE/dx signal. Figures taken from [205].

trigger and charge new GTU PID threshold
HQU UE 163
HQU electrons 153
HQU positrons 2 < pT < 3 GeV/c 151
HQU positrons pT > 3 GeV/c 154
HSE UE 148
HSE electrons 145
HSE positrons 3 < pT < 4 GeV/c 143
HSE positrons pT > 4 GeV/c 146

Table 4.2: Optimized TRD PID threshold values for MC simulations which give the same trigger efficiency in MC
as in data. UE refers to underlying events.
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Figure 4.6: TRD trigger (HSE) efficiency as a function of reconstructed pT in MC. Events were split into two
subsets, the events with prompt J/ψ and events with beauty quark pair forced to decay to non-prompt J/ψ. Plots
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0 2 4 6 8 10 12 14
)c (GeV/

T
pESD 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 (
a.

u.
)

∈  injected eventsψMC, PID threshold: 144, prompt J/
positron candidates

all events in MC events triggered by electrons

events triggered by positrons ±events triggered not by e

HSE positrons

0 2 4 6 8 10 12 14
)c (GeV/

T
pESD 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 (
a.

u.
)

∈  injected eventsψMC, PID threshold: 144, prompt J/
electron candidates

all events in MC events triggered by electrons

events triggered by positrons ±events triggered not by e

HSE electrons

0 2 4 6 8 10 12 14
)c (GeV/

T
pESD 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 (
a.

u.
)

∈

 injected events for MCψPID threshold: 144, prompt J/
positron candidates

Data

MC

MC excluding the events triggered by electrons

HSE positrons

0 2 4 6 8 10 12 14
)c (GeV/

T
pESD 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 (
a.

u.
)

∈

 injected events for MCψPID threshold: 144, prompt J/
electron candidates

Data

MC

MC excluding the events triggered by positrons

HSE electrons
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Chapter 4. Data and Monte Carlo samples, and calibration of the Monte Carlo Simulation

4.4 Calibration of impact parameter in Monte Carlo simulations

In this thesis work, the fraction of non-prompt J/ψ was obtained hugely relying on the displaced sec-
ondary vertex of beauty hadrons in the transverse plane. Therefore, it was important to ensure that the
MC simulations realistically reproduce the spatial variables in the data sample. For this purpose, the
transverse impact parameter, which is defined as the distance of the closest approach to the primary
vertex in transverse plane (d0,rφ), of tracks in data and MC was compared. By its definition, the impact
parameter of particles produced at the primary vertex should be 0. Nevertheless, due to the detector
effects, including finite and limited resolution of machines and inefficiencies caused by damages could
result in make non-zero impact parameters as well as worsen the resolution compared to the designed
value. In addition, several effects of particles passing through the matter, such as multiple Coulomb
scattering and electron Bremsstrahlung could degrade the resolution of the measured impact parame-
ter as a function of βγ, resulting in a pT dependence. Besides, the contribution of secondary particles
also affects on the shape of the impact parameter distributions. The different abundance of the contri-
bution of secondary particles in data and MC makes more complicated to disentangle multiple effects
presented in the impact parameter distributions.

For a quantitative study, a sum of a Gaussian function, which is for describing the contributions of
primary particles, and an exponential function, for the secondary particles populating the tails of the
distributions, were introduced to parameterize the impact parameter distributions as presented in Equa-
tion 4.3 with four free parameters (pi):

f (d0,rφ) =
p0
√

2πp1
e
−
(d0,rφ−p2)

2

2p2
1 +

1 − p0
2p3

e−
|d0,rφ−p2 |

p3 . (4.3)

Since the quality of tracking, as well as the contribution of secondary particle, is highly dependent on
a presence of hits in the SPD layers, the parameterization was performed for each possible SPD hit
configuration of tracks, hits in both SPD layers, single hit only in the first layer and single hit only in the
second layer. Figure 4.9 shows the resulting mean and width of the impact parameter distribution in
data and MC as a function of pT. In the MC, instead of all charged particles, only primary pions and
electrons from prompt J/ψ were selected to study possible particle species differences in the impact
parameter distributions. In order to suppress the effect from different pT shapes, the parameterization
was performed in small pT ranges as indicated by points on the plots. As the charged hadrons in the
data are dominated by the pions, there is no difference observed for charged hadrons and identified
pions in data both for mean and resolution (width). On the other hand, a shift of the mean from zero is
visible both in data and MC, but the deviation is shown in opposite direction and with different magni-
tude. Meanwhile, better (smaller) resolution of the impact parameters, the width of parameterziation,
was observed in MC with respect to the data. Moreover, the resolution of primary pions clearly shows
smaller values than the resolution of electrons from prompt J/ψ. Figure 4.10 shows the impact pa-
rameter distributions of electrons from prompt J/ψ for different pT ranges. Subset of electrons, which
are contributing close to J/ψ peak in the invariant mass distribution after pairing as J/ψ candidates,
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4.4. Calibration of impact parameter in Monte Carlo simulations

Figure 4.9: Mean (left) and resolution (right) of parameterized impact parameter distributions in data and MC as
a function of pT for the tracks having hits in the both SPD layers. For pion identification in data, the TPC dE/dx
signal was used. Primary pions in MC refers the pions directly from primary vertex of events or from strong decay
of primary particles.

shows narrower width of the distributions indicating the energy loss mechanisms of electrons traverse
the matter play role to broaden the impact parameter distributions which has clear particle species
dependence.

Electrons from Dalitz decays of π0 mesons were considered for further investigation as these could
be used to identify primary electrons in data with high purity without introducing tight selection criteria
which influence the impact parameters. The main background of invariant mass reconstructed with
electron-positron pair for Dalitz decays of π0 is the pair from photon conversion. A large fraction of
the contribution from the conversion could be rejected using its characteristics, the small opening an-
gle [212, 213]. The resulting mean and width of impact parameter distributions for electrons from Dalitz
decays of π0 in data and MC as a function of pT is presented in Figure 4.11. The difference of width
between data and MC is similar in magnitude as the difference shown in 4.9. Nevertheless, more
quantitative studies could not be carried out, especially estimating the purity of the electrons in the
results due to the lack of statistics.

Alternatively, the impact parameter of each track in the MC sample was corrected based on the discrep-
ancies of pions in data and MC. The difference between electrons and pions which could be obtained
from MC simulations was then propagated as the systematic uncertainty which is discussed in detail in
Chapter 5. The shift of the mean (< dMC

0,rφ > − < ddata
0,rφ >) and resolution difference (σdata

σMC
) of the impact

parameter distributions in MC with respect to data is corrected for each track following as a function of
pT:

dcorr
0,rφ(pT) = dMC,gen.

0,rφ (pT)+(d
MC,reco.
0,rφ (pT)−dMC,gen.

0,rφ (pT))×
σdata(pT)

σMC(pT)
+ < dMC

0,rφ > (pT)− < ddata
0,rφ > (pT).

(4.4)
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this thesis

this thesis

Figure 4.10: Impact parameter distributions of electrons from prompt J/ψ in MC for different pT ranges. The
electrons contributing to the invariant mass region close to the J/ψ peak (blue points) was separately drawn with
the electrons in full range (pink points) for the comparison to see the effect of the energy loss mechanisms of
electrons traversing the matter, such as multiple Coulomb scattering and Bremsstrahlung. Solid lines around the
peak represent gaussian fit results for each distribution.

It was confirmed that the correction factors, (< dMC
0,rφ > − < ddata

0,rφ >) and σdata
σMC

as a function of pT

have no dependence on data taking periods (p–Pb or Pb–p) and TPC conditions during data taking
(some data was taken and reconstructed with partially working TPC) separately in data and MC as
illustrated in the first and middle row of Figure 4.12. On the other hand, the resolution of the impact
parameters showed a clear dependence on the azimuthal angle of tracks in both data and MC but in
differently as presented in the last row of Figure 4.12 thus, the correction had to be made accordingly.
Figure 4.13 show the mean and the resolution of impact parameter distributions respectively for data
and MC sample as a function of pT for tracks having hits in the both SPD layers. The correction fol-
lowing Equation 4.4 made the MC sample mimicking the data for both the mean and the resolution
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4.4. Calibration of impact parameter in Monte Carlo simulations

Figure 4.11: Mean and width of impact parameter distributions for electrons from Dalitz decays of π0 in data and
MC as a function of pT.

of impact parameter. Impact of the correction on the pseudo-proper decay-length is presented in Fig-
ure 4.14, clearly broadening the distributions of the pseudo-proper decay-length distribution of prompt
J/ψ (resolution function). The corrected MC sample was used not only for extracting the resolution
function itself, but for obtaining all the pseudo-proper decay-length distributions used for this analysis.
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Chapter 4. Data and Monte Carlo samples, and calibration of the Monte Carlo Simulation

Figure 4.12: Resolution of transverse impact parameter distributions for the identified pions (using TPC and
TOF signal) in data (left column) and for primary pions in the MC sample (right column) as a function of pT. Plots
on the first row show the resolution vs. pT for each data taking period (p–Pb or Pb–p). Plots on the middle row
show the resolution vs. pT for data collected or reconstructed in different TPC conditions. Plots on the last row
show the azimuthal angle dependent resolution of transverse impact parameter.
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4.4. Calibration of impact parameter in Monte Carlo simulations

Figure 4.13: Mean (left column) and width (right column) of impact parameter distributions as a function of pT
for data and MC. The tracks with hits in the both SPD layers were used. Bottom panels are the relative difference
of each distributions with respect to the charged hadrons in data.
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5 Measurement of non-prompt J/ψ fraction

The main observable of this thesis work is the fraction of non-prompt J/ψ among inclusive J/ψ pro-
duction. The di-electron decay mode of J/ψ, which has the branching fraction of 5.971± 0.032% [15],
was used for the reconstruction. The kinematic properties of the reconstructed electron and positron
were propagated to reconstruct a pair, a J/ψ candidate. The reconstructed invariant mass (me+e− ) and
the pseudo-proper decay-length (x) of J/ψ candidates were used to statistically distinguish prompt J/ψ
and non-prompt J/ψ.

While the invariant mass (me+e− ) of the pairs composed of e+ and e− has strong separation power
between inclusive J/ψ meson and background, the pseudo-proper decay-length (x) provides the further
discrimination between prompt J/ψ and non-prompt J/ψ. The large cτ ≈ 0.5 × 10−3m of non-prompt
J/ψ inherited from beauty-flavoured hadron leads the non-prompt J/ψ having longer decay length (®L),
which is defined as the pointing vector between the primary vertex and the reconstructed J/ψ decay
vertex. In addition, the projection of the decay length on J/ψ transverse momentum and assign a sign,

LJ/ψ
xy = ®L ·

®pJ/ψ
T

|
®pJ/ψ
T |

(5.1)

brings additional rejection power. As the non-prompt J/ψ and beauty hadron is strongly correlated
based on the decay kinematics, non-prompt J/ψ tends to travel collinearly along the decay length vector
(®L), resulting in positive LJ/ψ

xy . In order to reduce the dependence on the J/ψ transverse momentum in
the signed transverse decay length, the pseudo-proper decay-length (x) is used in this analysis defined
as follows:

x = LJ/ψ
xy ×

MJ/ψ

pJ/ψ
T

, (5.2)

where the MJ/ψ is the known mass of J/ψ meson [214]. The variable was named based on its connec-
tion to the proper decay length of the beauty hadron, which is expressed in

cτ =
L
βγ
= LB hadron

xy ×
MB hadron

pB hadron
T

. (5.3)

Most of the contents in this chapter were taken from the ALICE internal notes which I contributed [205,
215]
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Chapter 5. Measurement of non-prompt J/ψ fraction

5.1 Reconstruction of J/ψ candidate pair

The J/ψ candidates were reconstructed with electron and positron candidates fulfilling the selection
criteria listed in Table 5.1.

category selection criteria note

kinematic acceptance pT,e > 1 GeV/c
−0.84 < ηe < 0.84 based on TRD acceptance

track quality

Reject kink
ITS and TPC refit

70 < NTPC, cluster < 160
0 < χ2/NITS, cluster < 36
0 < χ2/NTPC, cluster < 4

−1.0 cm < DCAXY < 1.0 cm
−3.0 cm < DCAZ < 3.0 cm

At least one hit in one of two SPD layers additional requirement
applied for pairing

electron identification
−3.0 < TPC nσe < 3.0

3.5 < TPC nσproton

3.5 < TPC nσπ

Table 5.1: List of track selection criteria required in this analysis. See the text for the detailed description.

Only tracks having pT larger than 1 GeV/c were used in this analysis, where to guarantee good tracking
and particle identification performance. The range of η was required to be between −0.84 and 0.84
to avoid edge effects in the TRD. To ensure having reconstructed tracks with good quality, several re-
quirements on track properties were applied. Restrictions on the track distance of the closest approach
(DCA) in transverse plane and z-axis were introduced to remove secondary particles produced by de-
cays of long-lived particles such as K0

s and Λ and electrons from photon conversion in the detector
material.

As the signal extraction in this analysis strongly relied on the geometrical observable, the pseudo-
proper decay-length, it was crucial to select the tracks with good spatial resolution. For this purpose, at
least 1 hit in either of two layers of the SPD, the innermost silicon detector, was required for all tracks.
In other words, tracks having hits in both layers, hit in the first layer only or hit in the second layer
only could be used for reconstructing J/ψ candidates. With this requirements, there are six possible
combinations of pairs depending on SPD hits of daughter tracks. For instance, the pairs with both
daughter tracks having hits in both SPD layers, with one daughter track having hit in the first layer and
the other having hit in the second layer and so on. Figure 5.1 shows the number of J/ψ candidates
for each combinations in the data sample. Except for the pairs with both daughter tracks having hits in
both SPD layers and with one daughter track having hits in both layer and the other having hit in the
second layer, the absolute number of J/ψ candidates from the other combinations is small and their
contribution around the J/ψ invariant mass region is not significant. Similar qualitative estimation was
repeated with changing pT range of J/ψ candidates. The resulting trend was found to be almost pT
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5.1. Reconstruction of J/ψ candidate pair

independent in the data sample used for this analysis. Thus, only pairs reconstructed with both tracks
with hits in both SPD layers and one track with hits in both SPD layers and the other having a hit in the
second layer were used for further analysis, the signal extraction.
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Figure 5.1: Invariant mass distribution of J/ψ candidates in 3 < pT < 14 GeV/c in the TRD-triggered events,
categorized according to the SPD hit configuration of the daughter tracks. Both-both (shown in pink) refers to
pairs reconstructed with both daughters (an electron and a positron) having hits in both SPD layers. Both-second
only (shown in green) represents the pairs reconstructed with one daughter (either an electron or a positron) with
hits in both SPD layers and the other daughter having a hit only in the second SPD layer. The others are defined
in an analogous way.

The electron identification was performed using the TPC signal, the specific energy loss of the ionization
in the TPC gas. Figure 5.2 shows the TPC nσe distribution as a function of pT in data (left) and MC
(right) for tracks fulfilling PID the requirements used in this analysis. The PID performance in data is
qualitatively well reproduced in MC, showing no visible remaining hadron contamination. In addition,
the mean and the width of the TPC nσe distribution projected in small momentum ranges are the same
in data and MC and thus the PID efficiency could be directly extracted from the MC without further
correction on the MC simulations.
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Chapter 5. Measurement of non-prompt J/ψ fraction

Figure 5.2: TPC nσe as a function of pT in data (left) and MC (right) for tracks fulfilling PID requirements listed
in Table 5.1 from TRD-electron triggered events.

5.2 Extraction of non-prompt J/ψ fraction

The main observable of this analysis is the fraction of non-prompt J/ψ with respect to inclusive J/ψ fB.
fB =

NhB→J/ψ
Ninclusive J/ψ

It is estimated on a statistical basis. The pairs satisfying the aforementioned selection
criteria consist of prompt J/ψ, non-prompt J/ψ and background. The fraction of non-prompt J/ψ is
obtained by using a two-dimensional extended unbinned likelihood fit of the invariant mass (me+e− ) and
the pseudo-proper decay-length (x), with the following likelihood function F(x,me+e−):

F(x,me+e−) = cprompt J/ψ · Pprompt J/ψ(me+e−, x) + chB→J/ψ · PhB→J/ψ(me+e−, x) + cbkg. · Pbkg.(me+e−, x)

(5.4)
where indices i stand for the particle species, prompt J/ψ, non-prompt J/ψ and background (bkg.),
ci is the fraction of the particle species i, and Pi(me+e−, x) represents the two-dimensional probability
density function (PDF) of each components i defined as a function of me+e− and x. Assuming that there
is no strong correlation between the invariant mass and the pseudo-proper decay-length, Pi(me+e−, x)

can be expressed as the product of the probability density distribution in me+e− (Mi) and the probability
density distribution in x (Xi). Since the decay kinematics of J/ψ into di-electrons are identical for prompt
and non-prompt J/ψ, Equation 5.4 can be written as follows:

F(x,me+e−) = fJ/ψ · MJ/ψ(me+e−) ·
[

f ′B · XhB→J/ψ(x) + (1 − f ′B) · Xprompt J/ψ(x)
]

+
(
1 − fJ/ψ

)
· Xbkg(x) · Mbkg(me+e−)

(5.5)

where fJ/ψ represents the inclusive J/ψ fraction of pair candidates and f ′B is the non-prompt J/ψ fraction
of inclusive J/ψ. In total, five probability density functions of each components in me+e− (MJ/ψ, Mbkg)
and x (Xprompt J/ψ, XhB→J/ψ, Xbkg) were required for the two-dimensional likelihood fit as illustrated in
Figure 5.3, which shows the maximum likelihood fit projected over the invariant mass and pseudo-
proper decay length distributions of J/ψ candidates in 4 < pT < 5 GeV/c from the data sample. It
should be noted that f ′B, the non-prompt J/ψ fraction of inclusive J/ψ obtained from the fit, includes
the effects of geometrical acceptance and inefficiencies from requiring the aforementioned selection
criteria. The final non-prompt J/ψ fraction, fB, was then obtained by applying the correction factor
described in Section 5.3. Based on the likelihood function in Equation 5.5, an unbinned extended
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Figure 5.3: Maximum likelihood fit projected over the invariant mass (left) and pseudo-proper decay length (right)
distributions of J/ψ candidates in 4 < pT < 5 GeV/c from the data sample.

maximum likelihood fit was performed to obtain f ′B by maximizing

lnL =
N∑
i=1

ln F(xi,mi
e+e−) − N, (5.6)

where the N is the number of J/ψ candidates in the data sample. Details on the five PDFs used for
constructing the likelihood function are described in following sub-sections.

5.2.1 Signal invariant mass distribution

The invariant mass distribution of the inclusive J/ψ (MJ/ψ) described in Equation 5.5 was evaluated
based on the MC simulation. First, the invariant mass distribution of e+e− were obtained from re-
constructed tracks of electrons and positrons decayed from the MC truth inclusive J/ψ. In order to
suppress possible fluctuation due to the statistical limitation, a functional form known as "Crystal Ball
function" [216] was introduced as follows,

f (m; m0, σ,α,n) =


exp
(
− 1

2 ·
[m−m0

σ

]2
)
, for

��m−m0
σ

�� < |α |
A · (B +

��m−m0
σ

��)−n, for
��m−m0

σ

�� ≥ |α |, (5.7)

where

A =
(

n
|α |

)n
· exp

(
−
|α |2

2

)
,

B =
n
|α |
− |α | .

(5.8)

The function consists of two terms, Gaussian function with width of σ for describing a symmetric reso-
lution smearing along the J/ψ mass peak around m0, and additional exponential term which effectively
works in the left tail of the distribution, outside certain cut value α for the internal Bremsstrahlung effect
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Chapter 5. Measurement of non-prompt J/ψ fraction

on the left side tail. The left of Figure 5.4 shows an example of the parameterization for J/ψ in momen-
tum interval 4 < pT < 6 GeV/c. Four free parameters, m0, σ, n and α were determined for each pT

interval as presented in the right of Figure 5.4. The width of the resolution, which can be seen in the
right tail of the distributions, tends to get larger for higher pT as the momentum resolution of the tracks
increases as a function of pT.
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Figure 5.4: (Left) Invariant mass distribution of prompt J/ψ in MC sample. The same track and pair selection
criteria were required as for the data. Line indicates the parameterized distribution with Crystal Ball function for
the signal extraction. (Right) Parameterized invariant mass distributions of J/ψ for each pT interval studied in
this analysis.

A similar parameterization was also performed for the data as illustrated in Figure 5.5. The invariant

Figure 5.5: (Left) Invariant mass distribution of electron-positron candidates in data for pairs 4 < pT < 6 GeV/c.
The uncorrelated background was estimated by event mixing technique and subtracted. Residual background
was described by second order polynomial function, presented as a dashed line. (Right) Background subtracted
invariant mass distribution together with J/ψ signal shape from the MC simulation.

mass distribution of electron-positron candidates in data consists of signal (inclusive J/ψ), combinato-
rial background and correlated background. The uncorrelated background component was estimated
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5.2. Extraction of non-prompt J/ψ fraction

by the event mixing technique, pairing daughter tracks from different events which are fully uncorrelated.
After subtracting the uncorrelated background component, the residual (correlated) background was
parameterized with a functional form, resulting in the signal as shown in the left panel of Figure 5.5, and
subtracted. The resulting signal distribution in data is well described by the MC signal shape shown in
the right panel of Figure 5.5, proving that the above described parameterization of Crystal Ball function
from the MC sample is reliable to apply for the data sample. The parameterization defined in Equa-
tion 5.7 was also performed for the signal distribution in data for each pT interval and compared with
those in MC sample as shown in Figure 5.6. In should be noted that the fit result from the experimental
data is not for the signal extraction due to the limited of statistics and less knowledge of the residual
background. Thus, the uncertainty of the parameterized distributions in data was not estimated in this
study and the parameterized distributions in data were only used for the comparison with those from
the MC sample, not directly for the signal extraction. Further, the MC sample was split into the QED
radiative decays, with an additional photon as a decay product, and non-radiative decays of J/ψ. While
the resolution effect along the J/ψ invariant mass peak is predominantly determined by the detector
geometry which can be precisely described in the MC simulation, the internal Bremsstrahlung process
affecting on the tail of the distribution is more difficult to be simulated. Consequently, the invariant mass
distributions of radiative decays and non-radiative decays of J/ψ were taken to investigate the impact
of the energy loss on the distributions. In other words, J/ψ experiencing the internal Bremsstrahlung
process was probed by radiative decays of J/ψ. As shown in Figure 5.6, parameterized invariant mass
distributions in data and MC are compatible with each other, especially agree within the extreme varia-
tions of the distributions obtained from purely radiative J/ψ decays and non-radiative J/ψ decays. From
this study, the parameterized invariant mass distributions of radiative decays and non-radiative decays
of J/ψ in MC were taken as possible extreme variations of the signal shape and used for the estimation
of the systematic uncertainty arising from the description for the signal invariant mass distributions.

Figure 5.6: Parameterized invariant mass distributions of prompt J/ψ in MC sample for different pT interval, split
into radiative and non-radiative decay modes. Parameterized invariant mass distributions in data was obtained
by subtracting background using event mixing method described in the text.
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Chapter 5. Measurement of non-prompt J/ψ fraction

5.2.2 Background invariant mass distribution

Once the invariant mass distribution of the J/ψ → e+e− candidates is determined, the background
component is directly accessible in the invariant mass distribution of pair candidates in data as seen
in Figure 5.5. The background PDF of the invariant mass was obtained by fitting the invariant mass
distribution of pair candidates in data with the signal invariant mass distribution from MC simulation and
amodel of functional form. Since the background has contributions from a variety of complex processes
without a simple parametric description, modelling based on underlying physics was not applicable in
this case. Instead, a simple analytical function which reasonably describes the shape presented in the
side-band region, exponential function, was introduced as shown in Figure 5.7, assuming there is no
peculiar behavior of the background shape in the range overlapped with signal. In order to estimate
the possible bias due to the modelling, the background PDFs were obtained with the first order and the
second polynomials, instead of exponential function. The background PDFs obtained from like-sign
pairs, i.e. electron-electron and positron-positron pairs were also used for the estimation of systematic
uncertainty from the description of background invariant mass distribution.

Figure 5.7: Invariant mass distributions of data forpT interval 6 < pT < 8 GeV/c. The signal (J/ψ) and back-
ground component are described by the parameterized distribution from MC discussed in the previous section
and an exponential function, respectively.

5.2.3 Prompt J/ψ pseudo-proper decay-length distribution

The J/ψ meson decays to a di-electron pair via the annihilation of the c and c̄ quarks with a full width of
92.9 keV [15] and corresponding cτ ≈ 0.2 × 10−11 cm. Consequently, the decay vertex of prompt J/ψ
cannot be distinguished from the the primary vertex, resulting in a true pseudo-proper decay length of
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5.2. Extraction of non-prompt J/ψ fraction

essentially 0. The measured pseudo-proper decay length distribution of prompt J/ψ however is affected
by the primary vertex and tracking resolution arising from the finite precision of the detector as well as
the energy loss of a particle passing through the material, which modifies the momentum and trajectory
of a track. This is the reason why the prompt J/ψ pseudo-proper decay-length distribution is also called
the resolution function in similar analyses. The pseudo-proper decay-length distribution of prompt J/ψ
in the MC sample was described by the functional form first introduced by the CDF collaboration [214]
as follows:

R(x) = w1 · G1(x; µ1, ρ1) + w2 · G2(x; µ2, ρ2) + w3 · f (x;α,λ) (5.9)

where the wi are the weights for each contribution i and Gi are Gaussian functions for describing the
detector effects smeared into tracking and primary vertex resolutions. The term f is the symmetric
power law term for describing the effect originating from the energy loss of track passing through the
material, i.e. multiple scattering and Bremsstrahlung:

f (m;α,λ) =

λ−1
2αλ |x | < α

λ−1
2αλα |x |

−λ |x | > α,
(5.10)

where a constant step α was introduced to stabilize the fit and effectively describe the tail of the distri-
bution. Figure 5.8 present the prompt J/ψ pseudo-proper decay-length distributions and parameterized
PDFs for pT interval 2 < pT < 4 GeV/c (left) and 10 < pT < 14 GeV/c (right) obtained from the impact
parameter calibrated MC sample discussed in Chapter 4.4. The exponential tails disappears and the
width of the Gaussians becomes narrow for the distribution in the interval 10 < pT < 14 GeV/c due
to a smaller impact of electron energy loss process and better tracking resolution, respectively at high
pT. As discussed, the resolution effects in data were propagated into MC sample via the calibration.
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Figure 5.8: Prompt J/ψ pseudo-proper decay-length distributions for the pT interval 2 < pT < 4 GeV/c (left)
and 10 < pT < 14 GeV/c (right). The data points were obtained from MC simulations, calibrated mimicking the
detector response in data as described in Section 4.4. Solid lines show the parameterized functions described
in the text.

There is, however, the possible modification due to the energy loss of electrons traversing the detector
material, which is shown as the impact parameter resolution difference between electrons from prompt
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J/ψ and primary pions in the MC sample (see Figure 4.9). This effect investigated using MC simula-
tions was propagated as part of systematic uncertainty. In order to quantify the impact, two resolution
functions for systematic variation were made by worsening the resolution of electrons by the difference
in pions and electrons under the assumption that the effect is double as large in data and improving
the resolution of electrons to make it similar to the resolution of pions assuming that the effect is not in
data.

5.2.4 Non-prompt J/ψ pseudo-proper decay-length distribution

Based on the resolution function described in the previous subsection, the pseudo-proper decay-length
distribution of non-prompt J/ψ could be obtained using the kinematic distribution of non-prompt J/ψ
from MC (XB(x)) without the full detector simulation:

XhB→J/ψ(x) = XB(x ′) ⊗ R(x − x ′), (5.11)

the convolution of theXB(x) and the resolution R(x) as illustrated in the left panel of Figure 5.9. On the
right panel of Figure 5.9, the XhB→J/ψ(x) is presented for different pT intervals. Due to the wider decay
angle between the beauty hadron and the non-prompt J/ψ as well as worse resolution, non negligible
contribution is presented in negative x range for low pT intervals.

Equation 5.11 allows the distribution XhB→J/ψ(x) to be constructed without suffering from statistical
limitations of the MC sample by avoiding detector simulation which causes the expensive computation.
In addition, this notation allows to disentangle the contributions affecting the shape of the non-prompt
J/ψ pseudo-proper decay-length distribution. Therefore, the dependence of non-prompt J/ψ pseudo-
proper decay-length could be studied focusing on kinematics of beauty hadrons implemented in the
MC sample. The kinematic distribution of non-prompt J/ψ relies on the composition of beauty mesons
and baryons with different kinematic distributions and lifetime as well as decay kinematics of beauty
hadrons. In order to consider the realistic composition of beauty mesons and baryons with different
kinematic distributions, the beauty hadron fractions measured by the LHCb collaboration at forward
rapidity (2 < η < 5) in pp collisions at

√
s = 13 TeV [217] were considered. While a strong pT dependence

was observed in measured Λ0
b
to (B− + B0) ratio, no significant dependence on pseudorapidity was

found. The MC simulation was calibrated to match the pT dependent relative fraction of beauty hadrons
measured by the LHCb collaboration by a reweighting procedure. In the MC simulation, the decay
kinematics of beauty hadrons was governed by the EvtGen, which is dedicated for simulating the decays
of heavy flavour particles [209]. In order to estimate the impact of the decay kinematics on the final
fB, XB(x) was alternatively obtained using PYTHIA [81] decayer instead and the difference in the final
result was interpreted as the systematic uncertainty due to the uncertainty in the decay description.

5.2.5 Background pseudo-proper decay-length distribution

The background sources can be divided into three classes based on their origin. First, correlated and
uncorrelated background associated with primary particles would contribute as symmetric term around
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5.2. Extraction of non-prompt J/ψ fraction

Figure 5.9: (Left) Kinematic distributions of non-prompt J/ψ in MC sample (XB(x)) for each pT interval used in
this analysis. (Right) Non-prompt J/ψ pseudo-proper decay-length distributions as a result of convolution of the
kinematic distribution and the resolution function.

x = 0 because their pseudo-proper decay-length is mainly governed by resolution effects as for prompt
J/ψ. Correlated background associated with secondary particles with a long lifetime (i.e. charm and
beauty-flavour hadrons) would be similar to non-prompt J/ψ cases having a positive tail in the pseudo-
proper decay-length distribution but with a different slope. Lastly, uncorrelated background associated
with secondary particles would form both negative and positive tails in the pseudo-proper decay-length
distribution. Under this classification, the following functional form was used for parameterization in-
spired by the model introduced by the CDF collaboration [214]:

Xbkg(x) = [
f+
λ+

e−
x′

λ+ · θ(x ′) +
f−
λ−

e
x′

λ− · θ(−x ′) +
1 − f+ − f−

2λsym
e

x′

λsym ] ⊗ R(x − x ′), (5.12)

where θ(x) is a step function and R(x − x ′) is the resolution function. The λi in each term indicates
a different slope of the exponential function reflecting the various composition of background sources.
The corresponding coefficient fi stands for the weights of each contribution and the sum of fi is set to
1.

In the right of Figure 5.10, the parameterized background pseudo-proper decay-length distributions are
presented for different invariant mass windows were presented, showing discrepancy between each
other. The discrepancy reflects the invariant mass dependence of the background composition among
three classes defined above. The impact of this discrepancy was not negligible in the signal extraction
done via the likelihood fit, thus, the invariant mass dependent pseudo-proper decay-length distribution
had to be introduced. As illustrated in the left of Figure 5.10, the background was split into three
regions of invariant mass, left side band (LS), right side band (RS) and under signal (US). Unlike the
LS and RS regions, where the background could be directly accessed from data, the US region could
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Figure 5.10: (Left) Invariant mass distribution of J/ψ candidates in data in 2 < pT < 4 GeV/c showing three
invariant mass regions defined and used in this analysis shown as distinguishable filled areas. (Right) Parame-
terized background pseudo-proper decay-length distributions for the data sample in 2 < pT < 4 GeV/c for LS
(2.4 GeV/c2 ≤ Me+e− ≤ 2.8 GeV/c2)and RS(3.2 GeV/c2 ≤ Me+e− ≤ 3.6 GeV/c2) regions separately.

not be directly accessed due to the presence of the J/ψ signal. Therefore, the background pseudo-
proper decay-length distribution in the US region was obtained from an interpolation from the LS and
RS regions assuming that the different background combinations changes smoothly in invariant mass.
The resulting pseudo-proper decay-length distribution in the US region can, thus, be written as a linear
combination of those in LS and RS region. In other words,

Xbkg(x,Me+e−) =


XLS(x), for 2.4 GeV/c2 ≤ Me+e− ≤ 2.8 GeV/c2

XUS(x), for 2.8 GeV/c2 ≤ Me+e− ≤ 3.2 GeV/c2

XRS(x), for 3.2 GeV/c2 ≤ Me+e− ≤ 3.6 GeV/c2,

(5.13)

with
XUS(x) = cX ′LS(x) + (1 − c)X ′RS(x), 0 ≤ c ≤ 1, (5.14)

where the coefficient c, which describes relative fraction of the LS (RS) shape in the interpolation, was
determined from full likelihood function scan on c while fixing all other PDFs. The c was chosen as
the value which gives the smallest log-likelihood value. In order to better understand invariant mass
dependence of pseudo-proper decay-length distributions, the TRD-triggered events collected in pp
collisions at

√
s=13 TeV, which have about factor 4 larger data sample, was used for further investigation.

In Figure 5.11, the pseudo-proper decay-length distributions are shown for different side band regions.
While the distributions become narrower as the ranges get closer to the J/ψ signal range in the LS
region, the contribution of right tail in the distribution changes depending on the distance to J/ψ signal
range in the RS region. As the pseudo-proper decay-length distributions of background highly rely on
the underlying events and abundance of different particle species, the distributions obtained from the
data of pp collisions were not directly applicable for describing p-Pb data. Nevertheless, the study
with the pp data sample clearly indicates that pseudo-proper decay-length distributions depend on the
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invariant mass. Based on this result, instead of the full side band ranges (XLS,XRS), a narrow range

Figure 5.11: Pseudo-proper decay-length distributions of background in the data sample collected in pp
√

s = 13
TeV for e+e− candidates in 2 < pT < 4 GeV/c. The e+e− pairs were obtained with same event and track selection
criteria used for in p–Pb data. Pseudo-proper decay-length distributions are shown for different side band regions.

of the invariant mass (X ′LS,X
′
RS) close to the US region was used for obtaining the pseudo-proper

decay-length distributions for the interpolation. So, for each pT interval, four different distributions from
different invariant mass regions were used to construct the full pseudo-proper decay-length distributions
of backgrounds.

Apart from the invariant mass dependence of the pseudo-proper decay-length discussed above, the
four of distributions XLS,XRS , X ′LS and X ′RS can be influenced by several sources. Given the lim-
ited statistics of background, the parameterization of pseudo-proper decay-length distribution can be
affected by statistical fluctuations. In addition, some fraction of the J/ψ presented in the side-band
region can disturb precise estimation of the pseudo-proper decay-length distribution for background.
In order to propagate these sources of systematic uncertainty, the four of the distributions, XLS,XRS ,
X ′LS and X ′RS , were varied by changing the corresponding invariant mass ranges.

5.2.6 Fit results

The results of the extended unbinned maximum likelihood fit defined in Equation 5.6 in each pT inter-
val, projected on the invariant mass and pseudo-proper decay-length are presented in Fig. 5.3. The
minimization of Equation 5.6 was performed by MINUIT [218] using the RooFit [219] framework. The
resulting parameters and the their errors from fit are reported in Table 5.2. The errors were obtained
by finding the points where ∆ ln L = 0.5 via MINOS and taken as statistical uncertainty.

5.3 Acceptance and efficiency correction

The raw non-prompt J/ψ fraction f ′B obtained from the likelihood fit was corrected in each pT interval
based on the following formula assuming no strong rapidity dependence of acceptance times efficiency
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Chapter 5. Measurement of non-prompt J/ψ fraction

pT interval raw non-prompt J/ψ fraction ( f ′B)

2 GeV/c < pT < 14 GeV/c 0.1989 ± 0.027
2 GeV/c < pT < 4 GeV/c 0.1226 ± 0.046
4 GeV/c < pT < 6 GeV/c 0.2198 ± 0.042
6 GeV/c < pT < 8 GeV/c 0.2799 ± 0.052
8 GeV/c < pT < 10 GeV/c 0.3309 ± 0.086

10 GeV/c < pT < 14 GeV/c 0.3339 ± 0.1064

Table 5.2: Raw non-prompt J/ψ fraction ( f ′B) from the maximum likelihood fit for each pT interval. The error of
parameter obtained from fit is taken as statistical uncertainty.

in the given kinematic range,

fB =
(
1 +

1 − f ′B
f ′B
·
〈A × ε〉hB→J/ψ

〈A × ε〉prompt J/ψ

)−1

, (5.15)

where 〈A × ε〉 represents the mean acceptance times efficiency in the given pT interval,

< A × ε >=

∫ pT,max

pT,min
A × ε(pT)

dN
dpT∫ pT,max

pT,min
dN
dpT

. (5.16)

The correction factor as a function of pT, (A × ε(pT)), for prompt and non-prompt J/ψ was calculated
based on MC simulations. As discussed in Chapter 4, prompt J/ψ was generated based on measured
inclusive J/ψ production in p-Pb collisions at forward rapidity

√
sNN = 8.16 TeV [208] and non-prompt

J/ψ was generated by PYTHIA [81] produced bb̄ pairs decaying into J/ψ via EvtGen [209] and detector
response was simulated via GEANT3 [211]. For the correction procedure, the pT differential yields for
prompt J/ψ and non-prompt J/ψ are important ingredients not only as an integrand of Equation 5.16, but
also for estimating the pT differential acceptance and efficiency (A× ε(pT)). Figure 5.12 shows the pT

differential yields for prompt J/ψ and non-prompt J/ψ obtained in different ways. For the comparisons,
the pT differential yields from experimental measurements were considered, prompt J/ψ and non-
prompt J/ψ production measured in p–Pb collisions at

√
sNN = 8.16 TeV, specifically at 1.5 < y < 2.0

by the LHCb collaboration [220], and ALICE measurement in p–Pb collisions at
√

sNN = 5.02 in same
kinematic range [221]. Since the collision energy of the ALICE measurements and rapidity range of the
LHCb measurements do not perfectly match this analysis, the combination of two measurements was

additionally considered. Taking inclusive J/ψ spectrum from the ALICE collaboration
dNALICE5TeV

J/ψ
dpT

and
non-prompt J/ψ fraction ( f LHCb8TeV

B ) from LHCbmeasurements, prompt and non-prompt J/ψ spectrum

were estimated by
dNALICE5TeV

J/ψ
dpT

× (1 - f LHCb8TeV
B ) and

dNALICE5TeV
J/ψ

dpT
× f LHCb8TeV

B , respectively. The statistical
and systematic uncertainties of all measurements were quadratically added and propagated as part of
inputs in this analysis. Next, the following functional form was used to parameterise pT spectra with
three free parameters, C0, p0 and n,

f (pT) = C0
pT

(1 + (pT/p0)2)n
. (5.17)
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5.3. Acceptance and efficiency correction

pT (GeV/c) full MC simulation (%) ALICE 5 TeV (%) ALICE + LHCb (%)
2 - 4 5.3 3.0 0.0
4 - 6 4.9 1.6 0.0
6 - 8 3.4 1.0 0.2
8 - 10 2.5 0.8 0.3
10 - 14 2.0 0.5 0.3
2 - 14 17.9 6.7 0.1

Table 5.3: The deviation of corrected non-prompt J/ψ fraction with correction factors obtained from different pT
spectra, from the one corrected based on the LHCb measurement in % for each pT interval.

The corresponding pT spectra of prompt J/ψ and non-prompt J/ψ are presented in Figure 5.12. The
impact of pT spectra on acceptance times efficiency was studied as shown Figure 5.13, obtained by
reweighting the pT shape in the full MC simulation. The impact of the differences is quantified by
calculating the correction factors for each case and comparing the corrected non-prompt J/ψ fractions.
Table 5.3 shows the deviation of corrected non-prompt J/ψ fraction with correction factors obtained
from different pT spectra from the one with the correction factor obtained from LHCb measurement
in % for each pT interval. Since the shape of pT spectra change rapidly at low pT, the deviation is
large for low pT interval (2 < pT < 4 GeV/c) than higher pT ranges. The largest deviation is shown
for the wide pT interval (2 < pT < 14 GeV/c) as the effect is accumulated over large pT interval.
Overall, large deviation is shown for the results corrected with the full MC simulation, which indicates
the limitation of the non-prompt J/ψ generation process implemented in the the full MC simulation. For
this reason, the parameterized LHCb pT spectra were used for central point determination as an one
of the experimental measurements, and the difference between the corrected results obtained from the
ALICE measurements were propagated as a systematic uncertainty.

Figure 5.12: pT differential yields for prompt J/ψ and non-prompt J/ψ, normalized to the maximum of each
distributions for shape comparison. See the detail in the text.
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Chapter 5. Measurement of non-prompt J/ψ fraction

Figure 5.13: (Upper row) Acceptance and efficiency as a function of J/ψ pT for prompt J/ψ and non-prompt J/ψ
using different pT shapes. (Bottom row) Acceptance and efficiency including TRD trigger efficiency as a function
of J/ψ pT for prompt J/ψ and non-prompt J/ψ using different pT shapes.

Figure 5.14: TRD trigger efficiency.

5.4 Estimation of systematic uncertainties

The possible biases in the correction procedure and themodelling of the templates used in the likelihood
fit were quantitatively estimated and propagated to the final systematic uncertainty.

Although the J/ψ invariant mass distribution obtained from the parameterization of the full MC simulation
fairly agrees with the parameterized data in overall invariant mass range as shown in Figure 5.6, a clear
discrepancy between the distributions is visible mainly in the tail. Consequently, the uncertainty in the
distribution has to be propagated to the uncertainty on the yield. The tail shape of the distribution is
mostly determined by the specifics of e+e− pairs experiencing Bremsstrahlung as well as a contribution
from radiative decays. Assuming that Bremsstrahlung and radiative decays affect the invariant mass
distribution in a similar way, the invariant mass distribution from the full MC simulation was split into
the distribution of pure QED radiative decays J/ψ (J/ψ → e++e− + γ) and of non-radiative J/ψ. The
likelihood fit was repeated with these two extreme shapes, then, the standard deviation of uniform PDF,
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5.4. Estimation of systematic uncertainties

∆(radiative,non−radiative)
√

12
, was taken for final systematic uncertainty for the invariant mass distribution of J/ψ.

As summarized in Table 5.4, the uncertainty for the invariant mass distribution of J/ψ is about 2%, but
gets larger for the lowest and the highest pT interval where the significance of J/ψ ( NJ/ψ√

NJ/ψ+Nbkg .
) is

smaller than other intervals.

With the limited statistics of the data, the precise shape of the background distribution cannot be con-
strained much. The model assumption can thus introduce a bias. In order to take into account the
limitation, the modelling of the invariant mass distribution of the background was varied into two direc-
tions. First, the exponential functional was replaced to the first order polynomial and the second order
polynomial functions. In addition, the parameterization was repeated for the invariant mass distribution
of like-sign pairs, i.e. calculated from electron-electron and positron-positron pairs. The likelihood fit
was repeated with three alternative templates and the standard deviation of the residuals with respect
to the central point was calculated as the final systematic uncertainty for the invariant mass distribution
of the background, resulting in about 1.5% at in the lowest pT interval and less than 1% for the rest of
the pT intervals. In the pT range 8 < pT < 10 GeV/c, this estimate yields a much higher estimate of
2.4% compared to the others. This is likely due to the effect of statistical fluctuations.

The pseudo-proper decay-length distribution of prompt J/ψ is purely determined by resolution effects,
which were corrected by calibrating the MC sample to resemble the data. The possible bias in the
correction procedure was explored for the systematic uncertainty of the pseudo-proper decay-length
distribution of prompt J/ψ. The DCA correction was made based on pions instead of electrons due
to the difficulty of selecting pure primary electrons in data. The contribution of Bremsstrahlung was
found to be significant at low pT as discussed in Chapter 5.2. As there is no straightforward way to
check the Bremsstrahlung effect directly in data, two resolution functions for systematic variation were
made by worsening and improving the impact parameter resolution by the difference between pions
and electrons determined from the MC simulation. Worsening the impact parameter resolution was
a test for the assumption that the Bremsstrahlung effect is double in data with respect to MC sample
and improving was for the assumption that the Bremsstrahlung effect does not exist in data. The
corresponding raw f ′B from the likelihood fit was obtained, and the standard deviation of the variations
was propagated to final systematic uncertainty on pseudo-proper decay-length distribution of prompt
J/ψ. The final systematic uncertainty is 3.4% for 2 < pT < 4 GeV/c and becomes smaller, less than
1% in higher pT. The larger uncertainty at low pT is understandable, considering the rapid change of
the resolution as well as worse resolution in low pT intervals.

The MC simulation for beauty production was made with PYTHIA which gives compatible pT spectra
of beauty hadrons with the FONLL prediction [79], which describes the measurements of beauty pro-
duction fairly well in pp collisions [222, 223, 224]. For this reason, no additional study for pT shape
dependence was made. The impact of decay kinematics on XB(x), however, was studied with two
event generators, EvtGen and PYTHIA. The absolute difference between the results obtained with Evt-
Gen and PYTHIA was taken as the systematic uncertainty of pseudo-proper decay-length distribution
of non-prompt J/ψ, resulting in 6.4% for the pT interval 2 < pT < 4 GeV/c and 1-2% for the rest of pT
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Chapter 5. Measurement of non-prompt J/ψ fraction

intervals used in this analysis.

The estimated pseudo-proper decay-length distribution of the background changes depending on how
three regions in invariant mass, left side band (LS), right side band (RS) and under signal (US) are
split. Therefore, the systematic uncertainty of the background pseudo-proper decay-length distribution
was estimated based on several variations in ranges of LS and RS, as well as regions for interpolation.
However, the change of the distribution could not only arise from physics origins but also due to the
statistical fluctuation as data suffered from limited statistics. Two variations for each four regions were
separately made, resulting in eight different pseudo-proper decay-length distributions of the background
for the estimation of systematic uncertainty. The likelihood fit was repeated with the eight alternative
pseudo-proper decay-length distributions of the background and the standard deviation of the residuals
with respect to the central point was propagated as the final systematic uncertainty. About 3 ∼ 4% at
in low pT interval and around 2% for the interval of pT > 6 GeV/c.

As discussed in the section for the acceptance times efficiency correction, two sets of experimental
measurements were available for estimating pT spectra of prompt and non-prompt J/ψ. One of the
measurements, the LHCb pT spectra, was used for central point determination and the difference be-
tween the corrected results obtained from the ALICE measurements was propagated as a systematic
uncertainty. While the acceptance times efficiency was separately calculated for prompt J/ψ and non-
prompt J/ψ with the full MC sample, the TRD trigger efficiency was obtained from an MC sample
containing only events with prompt J/ψ due to the unrealistic non-prompt J/ψ abundance in MC sam-
ple as discussed in Chapter 4. To consider a possible trigger efficiency difference of non-prompt J/ψ
events due to the semileptonic decay mode of beauty hadrons to electron, a dedicated MC simula-
tion was used. Events with bb̄ pair were generated via PYTHIA. For the half of the simulated events,
hadrons from beauty quarks were forced to decay into J/ψ via EvtGen and finally into electron-positron
pairs via PHOTOS. At the same time, the hadrons containing anti beauty quarks were required to de-
cay following inclusive decay modes defined in EvtGen. For the rest of the simulated events, hadrons
from beauty quarks were asked to decay according to the decay table in the EvtGen and hadrons from
anti beauty quarks were forced to be non-prompt J/ψ. In this way, a realistic pT dependent fraction of
semileptonic decays electrons and positrons, as well as the correlation between electrons (positrons)
from semileptonic decays and non-prompt J/ψ decays, could be implemented in the MC simulations.
Then, the trigger selection was made using single electron trigger efficiency obtained from the data
which was shown in Figure 4.3. The resulting TRD trigger efficiency as a function of J/ψ is presented
in Figure 5.15. The events containing the semileptonic decays electrons have slightly larger TRD trig-
ger efficiency as a function of J/ψ transverse momentum. In addition, as there is no strong correlation
between electrons (positrons) from semileptonic decays and non-prompt J/ψ in their kinematics, the
efficiency difference is almost flat in J/ψ pT shown in the right panel of Figure 5.15. As the maximum
of efficiency difference is less than 3% at pT = 2 GeV/c gets negligible in the higher pT, no additional
systematic uncertainty was assigned for this effect.

The systematic uncertainty of each sources were added quadratically and summarized in Table 5.4.
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5.4. Estimation of systematic uncertainties

Figure 5.15: TRD trigger efficiency for J/ψ estimated from fast simulation considering the contribution of elec-
trons from s(left) and the efficiency difference between prompt J/ψ and non-prompt J/ψ (right).

pT (GeV/c) Signal extraction Correction Total (%)
Mee,J/ψ Mee,bkg. xpromptJ/ψ xnon−promptJ/ψ xbkg. pT shape

2 - 14 2.1 0.6 1.3 3.8 3.8 6.7 9.0
2 - 4 2.6 1.5 3.4 6.4 3.3 3.0 9.0
4 - 6 1.9 0.6 1.0 1.1 3.7 1.6 4.7
6 - 8 0.6 0.1 0.5 1.7 2.0 1.0 2.9
8 - 10 2.2 2.4 0.4 2.2 1.6 0.8 4.3
10 - 14 4.8 0.1 0.4 0.5 2.1 0.5 5.3

Table 5.4: Summary of systematic uncertainty in % for each pT interval used in this thesis work. individual
uncertainties were quadratically added for total systematic uncertainty for given pT.
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6 Measurements of prompt and non-prompt J/ψ
production in p–Pb collisions at

√
sNN = 8.16 TeV

As discussed in the previous chapter, the fraction of non-prompt J/ψ, the relative contribution of non-
prompt J/ψ among inclusive J/ψ, was extracted from e+e− pairs in the TRD-electron triggered events,
based on a statistical approach. By combining the fraction of non-prompt J/ψ ( fB) and inclusive
J/ψ production cross section measured in the same kinematic region at the same collision system
(σinclusive J/ψ), the prompt J/ψ and non-prompt J/ψ cross sections can be separately determined as
follows,

σprompt J/ψ = (1 − fB) × σinclusive J/ψ,

σnon−prompt J/ψ = fB × σinclusive J/ψ .
(6.1)

In order to quantify the possible modification of the prompt J/ψ and non-prompt J/ψ production in
p–Pb collisions induced by cold-nuclear-matter effects, the corresponding physical observables in pp
collisions at

√
s = 8.16 TeV were required for the comparison. Finally, the nuclear modification factor

of prompt J/ψ and non-prompt J/ψ in p–Pb collisions at
√

sNN = 8.16 TeV were obtained at midra-
pidity (-1.37 < yJ/ψ < 0.43) for the pT interval 2 < pT < 14 GeV/c, and compared with previous
measurements, as well as theoretical model predictions.

6.1 Non-prompt J/ψ fraction

The fraction of non-prompt J/ψ ( fB) at midrapidity (-1.37 < yJ/ψ < 0.43) in p–Pb collisions at
√

sNN

= 8.16 TeV is presented as a function of the J/ψ transverse momentum (pT) in the both panels of
Figure 6.1. As discussed in previous chapter, the fraction of non-prompt J/ψ from two-dimensional
likelihood fit ( f ′B) was corrected for the acceptance × efficiency following Equation 5.15. The each data
point is placed at the centre of the given pT interval, which is shown as a horizontal line along the
x-axis. For each point, the statistical and systematic uncertainties of fB were quadratically added and
shown as a vertical line. The fraction of non-prompt J/ψ ( fB) is about 0.12 at the lowest pT interval,
2 < pT < 4 GeV/c, and increase as a function of J/ψ pT, reaching 0.33 at the highest pT interval,
10 < pT < 14 GeV/c. In the left panel of Figure 6.1, the fB measured at midrapidity in p–Pb collisions
at
√

sNN = 8.16 TeV is presented together with previous ALICE [228] and ATLAS [225] measurements
at midrapidity in p–Pb collisions at

√
sNN = 5.02 TeV. Like the measurement of this thesis work, the

data point is located at the centre of the given pT interval, and the quadratic sum of the statistical and
systematic uncertainties is presented as a vertical line. The previous measurements at midrapidity in
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Figure 6.1: The fraction of non-prompt J/ψ as a function of pT at midrapidity (-1.37 < yJ/ψ < 0.43) in p–Pb
collisions at

√
sNN = 8.16 TeV, in comparison with previous measurements in p–Pb collisions at

√
sNN = 5.02 TeV

by the ALICE collaboration [221] and by the ATLAS collaboration [225] (left) and in pp collisions at
√

s = 7 TeV by
the ALICE collaboration [226] and at

√
s = 8 TeV by the ATLAS collaboration [227] (right). Note that the rapidity

intervals of some measurements are slightly different.

p–Pb collisions at
√

sNN = 5.02 TeV show the increasing trend in J/ψ transverse momentum, similar
to what was observed in the measurement at

√
sNN = 8.16 TeV. At intermediate-pT interval, 4 < pT <

10 GeV/c, there is a hint of slightly higher non-prompt J/ψ fraction measured at
√

sNN = 8.16 TeV with
respect to the one measured at

√
sNN = 5.02 TeV. The significance is indeterminable under the current

measurement precision. However, it is notable that there is a hint of an increase of the non-prompt
J/ψ fraction with increasing collision energy observed in pp collisions [108]. A similar comparison
with the measurements in pp collisions at similar collision energies can be found in the right panel of
Figure 6.1. The measured fraction on non-prompt J/ψ in p–Pb collisions is compatible with the low- and
intermediate-pT interval, 2 < pT < 10 GeV/c result in pp collisions from the ALICE collaboration [226]
and high-pT interval pT > 8 GeV/c measured by the ATLAS collaboration [227]. The agreement of
the results from pp collisions and p–Pb collisions indicates that the possible production modification
induced by the presence of nuclei (CNM) does not change the relative fraction of non-prompt J/ψ
under the present measurement precision. In order to see the individual production modification of
prompt and non-prompt J/ψ in p–Pb collisions, the resulting non-prompt J/ψ fraction was combined
with the measurement of inclusive J/ψ production for further investigation.

6.2 Production cross sections of prompt J/ψ and non-prompt J/ψ

The prompt J/ψ and non-prompt J/ψ production cross sections can be derived from the measurement
of the non-prompt J/ψ fraction fBas shown in Equation 6.1. Similarly, the pT-differential production
cross section of prompt J/ψ ( dσprompt J/ψ

dpTdy ) and non-prompt J/ψ ( dσnon−prompt J/ψ
dpTdy ) can be written as

dσprompt J/ψ

dpTdy
= (1 − fB(pT)) ×

dσinclusive J/ψ

dpTdy
,

dσnon−prompt J/ψ

dpTdy
= fB(pT) ×

dσinclusive J/ψ

dpTdy
.

(6.2)
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Figure 6.2: The double-differential cross section of prompt J/ψ (upper) and of non-prompt J/ψ (bottom). The
data points are placed at the centre of the given pT intervals. The horizontal error bars indicate the bin widths.
The vertical error bars and boxes represent the statistical and the systematic uncertainties, respectively. The
global uncertainty of 2% (including branching ratio, TRD trigger normalization and luminosity) is not shown. The
measurements in pp collisions were scaled by the mass number of the Pb ion, A = 208. The double-differential
cross sections of prompt J/ψ and of non-prompt J/ψ from the ATLAS collaboration [227] were scaled by inverse
of the branching ratio of J/ψ → µµ, which is 0.0593 [15]. For

√
s = 13 TeV, additional scale factors (σ

13T eV

σ8T eV )
were applied for collision energy difference.
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The inclusive J/ψ production cross section measured in p–Pb collisions at
√

sNN = 8.16 TeV at same
kinematic region [205] was used for the results presented in this chapter. The Figure 6.2 presents the
pT-differential cross section of prompt J/ψ in the upper panel and of non-prompt J/ψ in the bottom
panel. The statistical (systematic) uncertainty of the measured fB and inclusive J/ψ production cross
section were propagated as statistical (systematic) uncertainty of the prompt and non-prompt J/ψ cross
section, shown as a vertical line (a filled square box). It is clearly seen that the prompt J/ψ and non-
prompt J/ψ production cross sections are dominated by statistical uncertainties. The results were
compared with the same measurements in pp collisions at similar collision energies, scaled by the
mass number of the Pb ion, A = 208. For the cross sections measured at

√
s = 13 TeV, an additional

scale factor was applied to compensate for the collision energy difference. The scale factors for prompt
J/ψ and non-prompt J/ψ were obtained from their cross section ratio (σ

13T eV

σ8T eV ) measured by the LHCb
collaboration [229, 230]. The ratios measured in the rapidity interval 2 < y < 2.5, integrated over pT,
σ13T eV

σ8T eV |prompt J/ψ = 1.38 and σ13T eV

σ8T eV |non−prompt J/ψ = 1.68 were taken for the scaling. Since the correction
was introduced only for qualitative comparisons, the uncertainties of the scale factors were ignored.
As illustrated in Figure 6.2, the double-differential cross section of prompt J/ψ and non-prompt J/ψ
measured in p–Pb collisions at

√
sNN = 8.16 TeV is well inline with the results measured at the similar

collision energies in pp collisions as a function of pT. The results provide the hint that there is no strong
modification of prompt J/ψ and non-prompt J/ψ production in p–Pb collisions.

The measured double-differential cross section of prompt J/ψ and of non-prompt J/ψ at midrapidity,
as well as the LHCb measurements at forward and backward rapidity [220], were compared with theo-
retical calculations including nPDF effect [231, 232] as presented in Figure 6.3. The solid bands along
the measurements show the calculation from Duwentäster et al. [220]. In the calculations, prompt and
non-prompt J/ψ production is calculated based on the collinear factorization [147] and the CNM ef-
fects are included by the nCTEC15 [59] based PDF set, the so-called nCTEQ15HQ [231, 232]. The
nCTEQ15HQ was obtained from the nCTEQ15 parameterization, but the next-to-leading order uncer-
tainties are further constrained by the most of all heavy-flavour and quarkonium production measure-
ments in p–Pb collisions available at the LHC. The calculation well describe the double-differential
cross section of prompt J/ψ and of non-prompt J/ψ measured at different rapidity regions simultane-
ously above pT > 3 GeV/c.

The integrated cross section of the inclusive J/ψ in the pT interval 2 < pT < 14 GeV/c is measured
as σinclusive J/ψ = 1739.63 ± 131.75 (stat.) ± 60.63 (syst.) µb [205]. And, the non-prompt J/ψ fraction
in the pT interval 2 < pT < 14 GeV/c is fB= 0.175± 0.028 (stat.) ± 0.016 (syst.). Using Equation 6.1,
the total cross section of prompt J/ψ (σprompt J/ψ) and non-prompt J/ψ (σnon−prompt J/ψ in visible region,
2 < pT < 14 GeV/c and -1.37 < y < 0.43, were obtained,

σprompt J/ψ = 1435.19 ± 119.11 (stat.) ± 57.24 (syst.) µb,

σnon−prompt J/ψ = 304.44 ± 53.89 (stat.) ± 29.79 (syst.) µb.
(6.3)

In order to extrapolate the production cross sections down to pT > 0, the extrapolation factor was defined
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Figure 6.3: The double-differential cross section of prompt J/ψ (upper) and of non-prompt J/ψ (bottom). The
data points are placed at the centre of the given pT intervals. The horizontal error bars indicate the bin widths.
The vertical error bars and boxes represent the statistical and the systematic uncertainties, respectively. The
measurements by the LHCb collaboration at forward and backward rapidity are presented [220]. Solid bands
along the measurements show the model calculation including nPDF effect [231, 232].

as a ratio of the cross section for J/ψ pT > 0 and -1.37 < y < 0.43 to that in the visible region, for inclusive
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J/ψ (αinclusive J/ψ) and non-prompt J/ψ (αnon−prompt J/ψ),

αinclusive J/ψ =

∫ pT=14GeV/c
pT=0

dσinclusive J/ψ
dpTdy · dpT∫ pT=14GeV/c

pT=2GeV/c
dσinclusive J/ψ

dpTdy · dpT
,

αnon−prompt J/ψ =

∫ pT=14GeV/c
pT=0

dσnon−prompt J/ψ
dpTdy · dpT∫ pT=14GeV/c

pT=2GeV/c
dσnon−prompt J/ψ

dpTdy · dpT
.

(6.4)

Previous LHCbmeasurements of prompt and non-prompt J/ψ production [220], as well as themeasure-
ments of inclusive J/ψ production by the ALICE collaboration [233] show no strong collision energy de-
pendence in the shape of the pT-different cross sections of prompt and non-prompt J/ψ. Based on the
fact, by assuming that there is no strong collision energy dependence of the kinematic distributions, the
αinclusive J/ψ was calculated from the inclusive J/ψ production cross section measured in p–Pb collisions
at
√

sNN = 5.02 TeV [228] following Equation 6.4. Statistical and systematic uncertainties were propa-
gated separately under the assumption that there is no correlation, which yield conservative estimation.
The resulting αinclusive J/ψ is αinclusive J/ψ = 1.51±0.040 (stat.)±0.102 (syst.). As the measurements of
non-prompt J/ψ production in p–Pb collisions at

√
sNN = 5.02 TeV at midrapidity [228] show small CNM

effects without strong pT dependence, the input cross section dσnon−prompt J/ψ for Equation 6.4 was
taken from the FONLL prediction [79]. The FONLL calculation includes the uncertainties from the fac-
torization and renormalization scales, µF and µR, estimated by varying the beauty-quark mass within
4.5 < mb < 5.0 GeV/c2 as well as the uncertainties of the parton distribution functions. In this thesis
work, the αnon−prompt J/ψ obtained for

√
s = 5 TeV is used, αnon−prompt J/ψ = 1.559+0.048

−0.099 [108]. Then,
the extrapolation factors, αinclusive J/ψ and αnon−prompt J/ψ, were applied to the cross sections obtained
in the visible region, resulting

σext.
inclusive J/ψ = 2630.89 ± 211.25 (stat.) ± 200.07 (syst.) µb

σext.
non−prompt J/ψ = 474.61 ± 84.02 (stat.) ± 46.44 (syst.)+14.61

−30.14 (extr.) µb.

σext.
prompt J/ψ = σ

ext.
inclusive J/ψ − σ

ext.
non−prompt J/ψ

= 2156.27 ± 193.29 (stat.) ± 197.86 (syst.)+14.61
−30.14 (extr.) µb.

(6.5)

From this calculation, prompt J/ψ and of non-prompt J/ψ cross section per unit of rapidity at midrapidity
was obtained and could be compared with the LHCb measurements at forward and backward rapidity
[220] as shown in Figure 6.4. The measurement in this thesis covers the kinematic region which is not
reached by the LHCb experiment.

6.3 pp reference

In order to calculate the nuclear modification factor (RpPb) of prompt J/ψ and non-prompt J/ψ, the cor-
responding measurements in pp collisions are required. Due to the absence of relevant measurements
in pp collisions at the same collision energy in the matching kinematic range, the pp reference for this
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6.3. pp reference

Figure 6.4: The prompt J/ψ (left) and of non-prompt J/ψ (right) cross section per unit of rapidity at midrapidity
obtained in this work and in the forward and backward rapidity regions by the LHCb collaboration [220]. The data
points are placed at the centre of the given rapidity intervals. The horizontal error bars indicate the bin widths.
The vertical error bars and boxes represent the statistical and the systematic uncertainties, respectively.

thesis work was obtained from the interpolation of several existing measurements. The following formu-
las were used for calculating the nuclear modification factor of prompt J/ψ (Rprompt J/ψ

pPb ) and non-prompt

J/ψ (Rnon−prompt J/ψ
pPb ) as a function of pT,

Rprompt J/ψ
pPb (pT) =

1 − f p−Pb
B (pT)

1 − f pp
B (pT)

× Rinclusive J/ψ
pPb (pT) ,

Rnon−prompt J/ψ
pPb (pT) =

f p−Pb
B (pT)

f pp
B (pT)

× Rinclusive J/ψ
pPb (pT) ,

(6.6)

where the f pp
B and f pp

B represent the fraction of non-prompt J/ψ in pp collisions and p-Pb collisions,
respectively. For the pT-integrated nuclear modification factor of prompt J/ψ (Rprompt J/ψ

pPb ) and non-

prompt J/ψ (Rnon−prompt J/ψ
pPb ), the total cross sections obtained in Equation 6.5 were used as follows,

Rprompt J/ψ
pPb =

1
A

σ
ext.,p−Pb
prompt J/ψ

σ
ext.,pp
prompt J/ψ

,

Rnon−prompt J/ψ
pPb =

1
A

σ
ext.,p−Pb
non−prompt J/ψ

σ
ext.,pp
non−prompt J/ψ

,

(6.7)

where the A is the atomic mass number. Therefore, f pp
B (pT), σ

ext.,pp
prompt J/ψ and σext.,pp

non−prompt J/ψ were
estimated.

Table 6.1 shows the list of the existing measurements at midrapidity used for estimating f pp
B (pT). First,

the fractions of non-prompt J/ψ as a function of pT was sorted andmerged upon their collision energies.
Assuming that the production cross section of non-prompt J/ψ is well described by the FONLL [79], the
fraction of non-prompt J/ψ as a function of pT for each collision energy was parameterized with the ratio
of the pT shape obtained from FONLL [79] for describing the non-prompt J/ψ, and the universal function
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centre-of-mass energy experiments
1.96 TeV CDF [214]
5.02 TeV ALICE [108], CMS [234]
7 TeV ALICE [226], ATLAS [227], CMS [235]
8 TeV ATLAS [227]
13 TeV ALICE [108]

Table 6.1: List of measurements of the non-prompt J/ψ fraction in pp collisions at midrapidity used for estimating
pp reference for this thesis work.

introduced in Equation 5.17 for describing the inclusive J/ψ, as illustrated in the left panel of Figure 6.5.
The statistical and systematic uncertainty of each measurement was added quadratically and consid-
ered in the fitting procedure. The right panel of Figure 6.5 shows the results of the parameterization

1 10 )c (GeV/
T

p

0

0.2

0.4

0.6

0.8Bf

 = 7 TeVsALICE, pp 
 = 7 TeVsCMS, pp 

 = 7 TeVsATLAS, pp 
/ndf = 2.222χinterpolation, 

 CIσ1

Figure 6.5: (Left) The fraction of non-prompt J/ψ as a function of pT at midrapidity in pp collisions at
√

s = 7 TeV
measured at ALICE [226], ATLAS [227] and CMS [235] with the fit result represented as a line with the uncertainty
band (1σ). (Right) The non-prompt J/ψ fraction fit results for each collision energies.

done for each collision energy. The band represents the fit result in 68% confidence level (1 σ effect).
Then, the fractions of non-prompt J/ψ was expressed as a function of

√
s for each pT. For example, the

left panel of Figure 6.6 shows the fBas a function of collision energy for pT = 7.84 GeV/c. Since there
is no clear model for the collision energy dependence of the non-prompt J/ψ fraction, three different
hypotheses, linear, exponential and power-law, were introduced for the interpolation of non-prompt J/ψ
fraction to

√
s = 8.16 TeV. Further, the uncertainty from the parameterization for each collision energy

was propagated by repeating the interpolation procedure with the upper limit and lower limit of the fit
results. As a result, nine types of the non-prompt J/ψ fraction in pp collisions at

√
s = 8.16 TeV were

obtained as shown in the right panel of Figure 6.6. In comparison to the large difference in f pp
B (pT)

from the variation to the upper (lower) limit of the fit error, the deviation of f pp
B (pT) derived upon different

hypotheses is small, and thus negligible. Then, the mean of f pp
B (pT) (< f pp

B >) was estimated for each
pT interval used in this analysis, < f pp

B >=
∫ pT,max.
pT,min. f pp

B (pT) dpT.

The total production cross sections of prompt and non-prompt J/ψ measured by the ALICE collabora-
tion in pp collisions at

√
s = 5.02, 7, and 13 TeV [108, 226] were used for the estimation ofσext.,pp

prompt J/ψ and
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Figure 6.6: (Left) An example of the interpolation of the non-prompt J/ψ fraction to
√

s = 8.16 TeV based on the
previous measurements. (Right) The interpolation of the non-prompt J/ψ fraction based on the different collision
energy dependence hypotheses and FONLL uncertainty. Linear, exponential and power law were considered for
describing the collision energy dependence. See text for full description.

σ
ext.,pp
non−prompt J/ψ. The measured cross sections were parameterized upon three different hypotheses, lin-

ear, exponential and power-law shape along the
√

s for interpolating at
√

s = 8.16 TeV. To propagate the
uncertainties of each measurement used for the interpolation, a Gaussian distribution having a central
point as a mean and statistical (systematic) uncertainty as a width was constructed. The interpolation
procedure was repeated many times with different pseudo data set, created based on the distribution.

6.4 RpPb of prompt J/ψ and non-prompt J/ψ

Based on Equation 6.6, the nuclear modification factor of prompt J/ψ in p–Pb collisions (Rprompt J/ψ
pPb ) at

√
sNN = 8.16 TeV at −1.37 < y < 0.43 is measured as a function of pT and presented in Figure 6.7.

The systematic (statistical) uncertainties of the fBand inclusive J/ψ are added and propagated as the
systematic (statistical) uncertainty of Rprompt J/ψ

pPb . Rprompt J/ψ
pPb is consistent with unity in the measured

kinematic range, constant with pT. The results are compared with previous measurements in p–Pb
collisions at

√
sNN = 5.02 TeV at midrapidity, the ALICE measurement at −1.37 < y < 0.43, ATLAS

at −1.37 < y < 0.43 and CMS result at −1.37 < y < 0.43. All measurements including this thesis
result are compatible with each other, showing Rprompt J/ψ

pPb ≈ 1, except for the low pT point (1 < pT <

3 GeV/c) of the ALICE measurement at
√

sNN = 5.02 TeV, which is 2.53 σ away from 1.

The measured Rprompt J/ψ
pPb is compared with theoretical calculations including different CNM effects for

the prompt J/ψ production as shown in Figure 6.8. The calculations from Lansberg et al. [147, 236] and
from Duwentäster et al. [231, 232] describe the prompt J/ψ production with the framework of NRQCD
factorization. In both calculations, the CNM effects are demonstrated by the set of the nPDF. The
original EPPS16 [58] and nCTEQ15 [59] parametrization were further constrained by existing mea-
surements of heavy-flavour production in p–Pb collisions at the LHC [236]. The calculations from
Lansberg et al. applied so-called Bayesian reweighting approach, employing LHCb measurements
of J/ψ [220, 239] as a constraint for the computations. The calculations of Duwentäster et al. include
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Figure 6.7: Nuclear modification factor of prompt J/ψ as a function of pT at midrapidity. The results are shown
in comparison with previous ALICE [221], ATLAS [109] and CMS [110] measurements at

√
sNN = 5.02 TeV.

Statistical uncertainties are represented by vertical error bars. Systematic uncertainties are shown by open
boxes. Filled boxes at RpPb = 1 indicate normalization uncertainties of this thesis, ALICE, CMS and ATLAS
measurements from the left. Note that the rapidity intervals of some measurements are slightly different.

Figure 6.8: Nuclear modification factor of prompt J/ψ at midrapidity at
√

sNN = 8.16 TeV as a function of pT. A
filled box at RpPb = 1 shows global uncertainty of the TRD normalization and the luminosity. The calculations
including different cold nuclear matter effects [147, 231, 236, 237, 238] are shown as well. The calculations from
Landsberg et al. were obtained for the measurements at

√
sNN = 5.02 TeV.

much more results of open heavy-flavour and quarkonium production measurements in p–Pb collisions
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at the LHC, leading to a huge reduction of the uncertainties in the nPDF. The calculation of R. Vogt pre-
dicts the prompt J/ψ production using colour evaporation model considering the effects of nPDF using
the EPS09NLO set [240]. All models including shadowing effects through the sets of nPDF predict a
mild pT dependent suppression of Rprompt J/ψ

pPb concentrated for low pT. At the same time, all models
describe the measured data within the large uncertainties of models and the data. The model labelled
as transport from X. Du et al. [238] has a different picture of the prompt J/ψ production in p–Pb colli-
sions, though the size of the effect is similar to the other models. In the transport model, the production
modification in p–Pb collisions is induced from the interaction of cc̄ pairs with the thermal medium cre-
ated in the collision, on top of the shadowing effect. The transport model shows good agreement with
data within uncertainties. From the measurement and comparisons with theories, the CNM effects of
prompt J/ψ in p–Pb collisions is small at midrapidity for 2 < pT < 14 GeV/c.

Figure 6.9: Nuclear modification factor of prompt J/ψ as a function of rapidity. Results are shown in comparison
with LHCb measurements at forward (1.5 < y < 4.0) and backward rapidity (−5.0 < y < −2.5). The values are
integrated over 0 < pT < 14 GeV/c) [220]. The models including different cold nuclear matter effects are also
shown [147, 236, 241, 242, 243]

Figure 6.9 shows the Rprompt J/ψ
pPb as a function of rapidity. The Rprompt J/ψ

pPb was estimated by Equation 6.7,
using the extrapolated cross section down to zero transverse momentum reported in Equation 6.5. The
measurement in this thesis provides the perfect complement to the LHCb measurements, accessing
the kinematic region which is not covered by the LHCb experiment. The statistical and systematic
uncertainties of LHCb measurements were quadratically added and presented as vertical lines.The
models including shadowing effects via nPDF sets [147, 236] show good agreement with data at forward
rapidity and a slightly worse description at midrapidity and backward rapidity. Calculations from CGC
approach coupled with the NRQCD description for prompt J/ψ production [242] reproduce the data in
forward rapidity corresponding to their domain. It also describes the decreasing trend from midrapidity
to the forward region as visible in the data. The model of Arleo et al., including the effects of parton
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Chapter 6. Measurements of prompt and non-prompt J/ψ production in p–Pb collisions

coherent energy loss [241], as well the transport model [243] give a fairly good description for the trend
of the measured Rprompt J/ψ

pPb as a function of rapidity. In the most of model predictions, the Rprompt J/ψ
pPb

at midrapidity is inline with the LHCb measurements. Due to the limited precision of the data, the
quantitative comparison for discriminating models is not yet possible.

The nuclear modification factor of non-prompt J/ψ in p–Pb collisions (Rnon−prompt J/ψ
pPb ) at

√
sNN = 8.16

TeV at midrapidity was obtained as a function of pT and is presented in Figure 6.10 using Equation 6.6.
The hint of enhancement shown in the intermediate-pT (4 < pT < 8 GeV/c) is not significant as the
Rnon−prompt J/ψ

pPb is only 1.12 σ away from 1 in the pT interval 4 < pT < 6 GeV/c and 1.19 σ away
in 6 < pT < 8 GeV/c considering the statistical and systematic uncertainties of the measurement.
Likewise, considering the uncertainties, the tendency of the Rnon−prompt J/ψ

pPb < 1 visible for the previous

ALICEmeasurement at
√

sNN = 5.02 TeV is not significant. Overall, all measurements of Rnon−prompt J/ψ
pPb

at midrapidity are consistent with unity over 1 < pT < 20 GeV/c.

Figure 6.10: Nuclear modification factor of non-prompt J/ψ as a function of pT at midrapidity. The results are
shown in comparison with previous ALICE [221], ATLAS [109] and CMS [110] measurements at

√
sNN = 5.02

TeV. Statistical uncertainties are represented by vertical error bars, while systematic uncertainties are shown by
open boxes. Filled boxes at RpPb = 1 indicate normalization uncertainties of this thesis, ALICE, CMS and ATLAS
measurements from the left. Note that the rapidity intervals of some measurements are slightly different.

The measured Rnon−prompt J/ψ
pPb as a function of pT are compared with model predictions including CNM

effects induced from nPDF. The calculations from Landsberg et al. and Duwentäster et al. describe the
open beauty-hadron production under the collinear factorization [147]. As for the prompt J/ψ, the differ-
ent sets of nPDFs were adopted to demonstrated the shadowing effects on non-prompt J/ψ production.
The calculation based on EPPS16 coupled with the FONLL beauty quark production [228] is also pre-
sented in the same plot. As the modification is governed by input nPDF, the trend of EPPS16+FONLL is
similar to the calculations from Lansberg et al., consistent with the measurement as well. The tendency
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of the models, showing small modification of non-prompt J/ψ production in p-Pb collisions without a
strong pT dependence, are consistent with the measurement.

Figure 6.11: Nuclear modification factor of non-prompt J/ψ at midrapidity at
√

sNN = 8.16 TeV as a function of pT.
A filled box at RpPb = 1 shows global uncertainty of the TRD normalization and the luminosity. The calculations
including different sets of nPDF are shown together [58, 59, 147, 231, 232, 236, 244]. The calculations, except
for the nCTEQ15HQ, were obtained for the measurements at

√
sNN = 5.02 TeV.

The nuclear modification factor of non-prompt J/ψ, Rnon−prompt J/ψ
pPb , is shown as a function of rapidity in

Figure 6.12 together with the LHCbmeasurement [220]. Rapidity dependent modification was observed
in the data, showing negligible modification in backward rapidity and midrapidity and weak suppression
at forward rapidity. The models including shadowing effects via different sets of nPDF reproduce the
trend observed in the measurements well. Both measurements and theoretical calculations indicate a
less pronounced rapidity dependent modification of non-prompt J/ψ with respect to prompt J/ψ.
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Figure 6.12: Nuclear modification factor of non-prompt J/ψ as a function of rapidity. Results are shown in com-
parison with LHCb measurements at forward and backward rapidity (integrated over 0 < pT < 14 GeV/c) [220].
The models including different nPDF are shown together, nDsg LO [245], nCTEQ15 [59] and EPPS16 [58] pa-
rameterization (including a reweighted computation from [236]). FONLL [79, 244] computations employing the
EPPS16 is superimposed on the plot as well. All theoretical predictions were calculated for

√
sNN = 5.02 TeV.
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In this thesis work, the measurement of prompt J/ψ and non-prompt J/ψ production in p–Pb collisions
at
√

sNN = 8.16 TeV at midrapidity in the J/ψ transverse momentum interval, 2 < pT < 14 GeV/c,
was presented. About 50 million TRD-electron triggered events collected in ALICE were used for this
thesis work, corresponding to the integrated luminosity of 694.8 ± 13.3µb. The TRD-electron trigger
performance was studied and implemented in the MC sample to obtain the trigger efficiency of J/ψ for
the first time in ALICE. The J/ψ mesons were reconstructed in the dielectron channel. The fraction
of non-prompt J/ψ mesons, originating from weak decays of beauty hadrons, was measured on a
statistical basis via a two-dimensional likelihood fit to the invariant mass and pseudo-proper decay
length distributions of J/ψ candidates. Based on the fraction of non-prompt J/ψ and inclusive J/ψ
production cross section measured in the same kinematic region at the same collision system [205],
the pT- and y− differential cross sections of prompt J/ψ and non-prompt J/ψ were obtained. Since the
corresponding measurement in pp collisions at

√
s = 8.16 TeV does not exist, the pp reference at

√
s =

8.16 TeV was obtained using the existing prompt and non-prompt J/ψ production measurements in pp
collisions at various collision energies.

The measured nuclear modification factor of prompt J/ψ and non-prompt J/ψ, the ratio of the produc-
tion cross section in p–Pb collisions to that measured in pp collisions scaled by the mass number of the
Pb ion, A = 208, was compared with previous measurements and theoretical predictions, including dif-
ferent cold-nuclear-matter effects. At midrapidity, the nuclear modification factor of prompt J/ψ at

√
sNN

= 8.16 TeV is compatible with unity for pT > 2 GeV/c, showing good agreement with the measurements
at
√

sNN = 5.02 TeV. Theoretical models including nuclear shadowing with different sets of nPDFs and
possible final state effects describe the overall trend of the measurement. Nevertheless, the models
show a mild degree of suppression mainly at low pT. The nuclear modification factor of non-prompt
J/ψ at

√
sNN = 8.16 TeV is close to unity within uncertainties and compatible with the measurements

at lower collision energies. Like prompt J/ψ result, theoretical calculations, including different sets of
the nPDFs, qualitatively reproduce the measurements. The measurements and comparisons with the-
oretical calculation suggest a small impact of cold-nuclear-matter (CNM) effects for charm and beauty
quarks in the measured kinematic region. Consequently, the strong modifications of prompt J/ψ and
open-beauty hadron production in Pb-Pb collisions in comparison to the pp measurements are due to
effects of the QGP medium formed in Pb-Pb collisions [129, 152].

The next step towards a better understanding of the physics mechanisms behind the CNM effects
would be to quantify the possible modification in the measurements with high precision and discriminate
between the models, including different scenarios. In this thesis work, the measurements were limited
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by the lack of the available data sample, as reflected in the large statistical uncertainty, the dominant
source of the total uncertainty. Further, the limited data sample restricted the construction of the model
templates for the two-dimensional likelihood fit. As illustrated in Chapter 5, some of the templates
used for the signal extraction were estimated based on the experimental data directly. For example,
the pseudo-proper decay length distribution of background was obtained from the sideband region
of the invariant mass distribution. The correlation between invariant mass and pseudo-proper decay
length of background candidates could be further investigated with a larger data sample for a better
description, which would help reduce systematic uncertainty for this measurement. In addition, the
pp reference, obtained from the interpolation of multiple measurements due to the absence of a pp
reference measured at

√
s = 8.16 TeV, introduces sizable uncertainties for the measurements in this

work. Therefore, it is essential to have precisemeasurements both in pp collisions and in p–Pb collisions
at the same collision energy in the same kinematic region.

During the second Long Shutdown (LS2) starting from 2019, significant upgrades have been success-
fully implemented both in the ALICE detector and the LHC accelerator chain. After the successful
pilot beam campaign in October 2021, Run 3 of the LHC will start in early 2022. The upgrade of the
ALICE TPC with Gas Electron Multiplier (GEM) foils for amplification will provide the continuous read-
out mode, improving the read-out rate significantly [246]. Consequently, a much larger data sample
is expected to be collected in Run 3 in all collision systems. Further, the new ITS, seven layers of
Monolithic Active Pixel Sensors (MAPS), will improve the spatial resolution by a factor of 2 - 3 and
extend the tracking capabilities to lower pT, down to ∼ 200 MeV/c [247]. This is beneficial for the mea-
surements of prompt J/ψ and non-prompt J/ψ production in twofold. First, the discriminating power
of the pseudo-proper decay length distributions will be improved with a narrower resolution function.
Also, the measurements can be extended down to lower pT, where the CNM effects are expected to
be more significant. In addition, the lower material budget of the new ITS will enhance the statistical
significance of dielectron analyses by reducing the number of electrons from photon conversions, which
produce a large combinatorial background. The upgrades will provide accessibility to new observables,
complementing this thesis work, such as fully reconstructed beauty hadrons and excited charmonium
states production. While the initial-state effects of the CNM effects for the heavy-quark pair production
are expected to affect all different final quarkonium states similarly, the final-state effects, leading to a
break-up of the quarkonium resonances, such as larger multiplicity in p–Pb collisions with respect to
that in pp collisions, would impact differently for the excited states due to the different binding energies.
For example, the comparison of the prompt J/ψ production with the ψ(2S) meson production from the
low pT at midrapidity at LHC energies in p–Pb collisions, as well as the P-wave states of charmonium
χc would be complementary for studying possible final-state effects from the CNM at midrapidity.

On the theory side, the main limitation for this thesis work was the uncertainties of the nPDF sets.
Several approaches exist to better constraint the nPDF, especially low x where the gluon density dis-
tribution becomes dominant. As presented in Chapter 6, theoretical developments for constraining the
gluon density inside the Pb nuclei based on the experimental measurements of inclusive heavy-flavour
production in pPb collisions at the LHC has started, showing promising improvements [232, 236]. There
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are new ideas to disentangle shadowing from other possible CNM effects in an alternative direction.
For example, the disentanglement of shadowing effects from coherent energy loss using the Drell-
Yan process has been studied [248]. It is also crucial to better understand the production mechanism
in hadronic collisions. In open-heavy flavour production, phenomenologically adopted fragmentation
universality should be revisited based on recent measurements of heavy-flavour fragmentation at the
LHC [73, 92]. For the quarkonium sector, the simultaneous description of production cross section and
polarization remains a challenge [114, 119].

In conclusion, the cold nuclear matter effects for charm and beauty quarks were studied by the mea-
surement of prompt J/ψ and non-prompt J/ψ production in p–Pb collisions at

√
sNN = 8.16 TeV at

midrapidity. The measurements and comparisons with theoretical calculation suggest a small impact
of CNM effects for charm and beauty quarks in the measured kinematic region. Improved precision
measurements are expected in the upcoming LHC run 3 data taking period. With further theoretical
developments, new measurements will allow one to quantitatively estimate CNM effects for charm and
beauty quarks and disentangle possible different physics mechanisms behind CNM effects.
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