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Abstract

The measurement of charm production provides valuable insights into the properties of
the Quark-Gluon Plasma, which is expected to be formed in ultra-relativistic heavy-ion
collisions at the Large Hadron Collider (LHC) at CERN. The high-precision tracking and
particle identification capabilities of A Large Ion Collider Experiment (ALICE) allow for
the measurement of D mesons in hadronic decay channels, based on the reconstruction
of secondary decay vertices. For weakly decaying D mesons, these are typically displaced
from the primary vertex by a few hundred pm. However, this topological approach will
inevitably fail at low transverse momentum (pr), where the Lorentz boost is not strong
enough to be resolved. Current ALICE results of D-meson production using this analysis
strategy are therefore limited to pr > 1GeV/c.

This thesis presents a new measurement of the pp-differential cross section of prompt
DY production in the decay channel DY — K~ 7T at mid-rapidity in proton-proton
collisions at /s = 7 TeV. By giving up the topological selection, the presented analysis
extends the measurable pr range down to zero. The extraction of a stable signal at low
pr is made possible by using the like-sign background subtraction technique. In the
overlapping pr range, the results of this work are consistent with those obtained using
the standard topological approach. The pr-integrated charm production cross section at
mid-rapidity can be given without extrapolation for the first time at the LHC, resulting
in do®/dy = (879 4 135) pb, which represents an increase in precision by about a factor

two over the previous topological measurement.



Zusammenfassung

Die Messung der Produktion von Charm-Quarks gewahrt einen wertvollen experimentellen
Zugang zu den Eigenschaften des Quark-Gluon-Plasmas, welches wahrscheinlich in ultra-
relativistischen Schwerionenkollisionen am LHC (Large Hadron Collider) am CERN
erzeugt wird. Dank praziser Teilchenspurrekonstruktion und Teilchenidentifikation kénnen
mit dem ALICE-Detektor D-Mesonen iiber ihre hadronischen Zerfallskanélen gemessen
werden. Hierbei wird ausgenutzt, dass abhéngig von der Lebensdauer eines D-Mesons der
Zerfallsvertex typischerweise um einige hundert Mikrometer vom priméren Vertex entfernt
ist. Dieser topologische Ansatz kann allerdings nicht fiir die Messung von D-Mesonen
mit niedrigem Transversalimpuls (pr) verwendet werden, da die geringe Zerfallslinge
nicht im Detektor aufgelost werden kann. Alle gegenwértig veroffentlichten Ergebnisse
der ALICE-Kollaboration zur Messung von D-Mesonen beschrénken sich daher notwendi-
gerweise auf Transversalimpulse pp > 1GeV/ec.

In der vorliegenden Arbeit wird eine neue Messung des pr-differentiellen Wirkungsquer-
schnitts der Produktion von D-Mesonen bei mittlerer Rapiditat vorgestellt. Hierbei
wurde der Zerfallskanal DY — K~7t in Protonenkollisionen bei einer Schwerpunktsen-
ergie von /s = 7TeV analysiert. Durch Verzicht auf eine topologische Selektion konnte
der gemessene Transversalimpulsbereich bis hin zu 0 GeV /¢ erweitert werden. Die Sig-
nalextraktion wurde dabei durch die Verwendung der ”Like-Sign”-Methode stabilisiert.
In dem Transversalimpulsbereich, der von beiden Analysen abgedeckt wird, stimmen die
Resultate der hier vorgestellten Messung mit denen der topologischen Messung iiberein.
Zum ersten Mal am LHC ist es nun moglich, den pr-integrierten Wirkungsquerschnitt der
Charm-Produktion bei mittlerer Rapiditét in Protonenkollisionen ohne eine Extrapolation
in pr anzugeben. Der ermittelte Wirkungsquerschnitt betrigt do®/dy = (879 4 135) pb.
Im Vergleich zur topologischen Analyse konnte der Messfehler auf die Halfte reduziert

werden.
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chapter 1

INTRODUCTION

It is the goal of particle physics to explore the building blocks of matter and their inter-
actions on the most fundamental level. In a constant interplay of theory and experiment,
great progress has been made in the last few decades to establish a consistent description
of fundamental interactions between elementary particles, which is known today as the
Standard Model of Particle Physics. This theory is formulated in the context of relativistic
quantum field theories and comprises the description of the electromagnetic and the
weak force in the electroweak sector and the strong force in Quantum Chromodynamics
(QCD). An important milestone was the unification of the electromagnetic and the weak
force via the introduction of a symmetry breaking mechanism in the electroweak theory,
sometimes also referred to as Glashow-Weinberg-Salam theory after its founders [1-3]
and the proof of its renormalisability [4]. Though it is known that the Standard Model
does not describe all of the phenomena observed in nature, it has been tested to very high
precision in the regime of its validity. No disagreement between theory and experiment

has yet been found.

The main experimental tools for high-energy particle physics are large particle colliders
in combination with specialised particle detectors. Over the last few decades, colliders
and detectors have grown larger and more powerful, both profiting from and inspiring
the development of new technology. In 2009, a new era in experimental particle physics
began with the start of data taking at the Large Hadron Collider (LHC) at the European
Organization for Nuclear Research (CERN). As a proton and heavy-ion collider, the LHC
breaks new ground both in its design centre-of-mass energy for proton-proton collisions of

14 TeV, corresponding to a centre-of-mass energy per nucleon pair of 5.52TeV in Pb—Pb



collisions, and in its design luminosity of 1034 cm=2s~!. Currently, as of the end of 2014,
the LHC is in a maintenance period, the Long Shutdown I, and is being prepared for
its second period of operation and data taking (Run II). In Run I from 2009 until 2013,
the LHC provided extensive data sets for proton-proton (pp) collisions at a centre-of-
mass energy of 0.9 TeV, 2.76 TeV, 7TeV and 8 TeV; lead-lead (Pb—Pb) collisions with a
centre-of-mass energy per nucleon pair of 2.76 TeV; and proton-lead (p—Pb) collisions at
a centre-of-mass energy per nucleon pair of 5.02 TeV. The most prominent LHC result
so far was the discovery of a new resonance with a mass of 125GeV/c? in 2012 by A
Toroidal LHC Apparatus (ATLAS) and the Compact Muon Solenoid (CMS) [5,6]. Up
until now, the properties of this resonance are compatible with the Standard Model Higgs
boson and are currently under further investigation. Already predicted in 1964 [7.[8], the
Higgs boson was the last missing particle in the Standard Model to be experimentally

confirmed.

Besides the rich physics programme related to the electroweak theory and its symmetry
breaking mechanism or to the search for ‘new physics’ beyond the Standard Model, the
LHC provides an excellent environment for the study of strongly interacting matter
under extreme conditions. In ultra-relativistic nucleus-nucleus collisions, a deconfined,
thermalised state of strongly interacting matter, the Quark-Gluon Plasma (QGP), is
expected to be formed [9,/10]. This hot and dense phase of QCD matter permeated
the early universe in the first few microseconds, according to the standard Big Bang
model. Among the four major experiments at the LHC, A Large Ion Collider Experiment
(ALICE) is dedicated to the study of heavy-ion collisions. A variety of rare probes is
investigated, including quarkonia, heavy-flavour hadrons, photons and jets. Heavy quarks
(charm, beauty) are produced at an early stage in heavy-ion collisions and thus provide
access to the QGP properties through their interaction with the medium. The study
of heavy-quark production at low momentum is of particular importance to address
the question, to which extent heavy quarks might be thermalised and take part in the

collective behaviour of the strongly interacting medium.

Experimental access to heavy quarks is given via the detection of hadrons containing
charm or beauty. A large fraction of the produced charm hadronises into various D meson
species, which consist of one charm quark and one of the light quarks up, down or strange.
D mesons decay before reaching active detector material and must be reconstructed via

their decay products. When an invariant mass analysis in hadronic decay channels is



performed, the full kinematic information of the heavy-flavour hadron is retained. The
high spatial resolution provided by the combined tracking of the ALICE Inner Tracking
System and the Time Projection Chamber enable the reconstruction of secondary decay
vertices of D mesons with intermediate-to-high momenta, which are typically displaced
from the primary vertex by a few hundred pm. D mesons can thus be very efficiently
distinguished from background by a selection on the decay topology. Using this analysis
strategy, the ALICE collaboration published a series of results for D-meson production
at central rapidity. These include the transverse momentum (pr) spectra for different
D-meson species in pp collisions at /s = 7TeV and /s = 2.76 TeV [11-13] and D-meson
suppression and flow in Pb-Pb collisions at \/syy = 2.76 TeV [14-16].

While performing efficiently at high pr, the topological selection of D mesons is bound to
fail at low p, where the small Lorentz boost can no longer be resolved with the detector
and, consequently, the selection efficiency drops very sharply. All of the D meson results
currently published by the ALICE collaboration are therefore limited to pr > 1GeV/c in
pp collisions and pp > 2 GeV /¢ in Pb—Pb collisions with increasing uncertainty towards

this low-pr limit.

Despite the experimental challenge, it is of great interest to extend the measurements
to zero transverse momentum. Fixed Order plus Next-to-Leading Logarithms (FONLL)
calculations [17] predict that over 50 % of the D yield lies below 2 GeV /c in pp collisions.
The low-pT region is therefore crucial for a precise determination of the total charm
production cross section at mid-rapidity, which is of substantial importance for the
interpretation of charmonium production in QGP studies at the LHC [18}]19]. Up until
now, the best ALICE measurement of the charm production cross section at mid-rapidity
still relies on an extrapolation to zero transverse momentum based on theory input with
rather large uncertainties [12]. Moreover, the low-pp measurement of charm production
in pp collisions is important as a baseline to study the low-momentum phenomenology of

charm quarks in nucleus-nucleus collisions.

This thesis presents the first measurement of D-meson production in pp collisions down
to zero transverse momentum with ALICE. The studied system comprises D mesons
and their antiparticles by means of the reconstructed decay D° — K~ 7+ and its charge
conjugate. In order to keep a high efficiency in the low-pr region, it is necessary to give

up the topological selection. The challenge of how to deal with the large combinatorial



background from primary pion and kaon production then arises. This background peaks
in a similar kinematic region to that populated by kaons and pions originating from D
decays in the low-p regime. After exploiting the excellent particle identification (PID)
capabilities of ALICE, the remaining signal-to-background ratio is still 1072 in the pr
interval 0 < pr < 1 GeV /¢, impeding the extraction of a stable signal in the invariant
mass. The subtraction of an estimate of the combinatorial background improves the
stability of the signal extraction. Background estimates are obtained from data, using
the like-sign technique. After background subtraction, the D signal can be extracted

down to zero transverse momentum.

The analysis strategy applied in this work is similar to that used by the Solenoidal Tracker
at RHIC (STAR) collaboration at the Relativistic Heavy-Ion Collider (RHIC) for their
measurement of D and D* production in pp collisions at /s = 200 GeV [20] and gold-gold
(Au-Au) collisions at \/syn = 200 GeV [21]. Due to the lack of a high-precision vertex
detector at the time of the STAR measurement, the topological approach to D-meson
reconstruction was not available. The measurements are therefore based on background-
subtraction techniques, such as like sign, track rotation and event mixing. The recent
installation of a Heavy Flavor Tracker will allow for the topological reconstruction of

heavy-flavour hadrons with STAR in the near future |22].

This thesis is structured as follows. Chapter [2] presents the theoretical and experimental
background of D-meson production in hadronic collisions. After a short description of
ALICE in chapter , chapter {4 offers details on the DY decay. Chapter |5 presents the
data analysis in detail. A discussion of the uncertainties in chapter [f] is followed by the

results in chapter [/} The thesis concludes in chapter



chapter 2

D-MESON PRODUCTION IN HADRONIC

COLLISIONS

This chapter introduces the basic theoretical and experimental concepts in order to put

D-meson production in proton-proton and heavy-ion collisions into context.

2.1 Key Features of Quantum Chromodynamics

Quantum Chromodynamics (QCD) is one of the pillars of the Standard Model of Particle
Physics. It describes the strong interaction between colour-charged quarks and gluons,
with the latter being the gauge bosons of the theory. Unlike in Quantum Electrodynamics
(QED), where the force carrier is a neutral photon, gluons carry colour charge and are thus
subject to interactions with one another. This gauge boson self-interaction is manifest in
the non-abelian nature of the underlying symmetry group, which is the SU(3) component
of the Standard Model gauge group SU(3) x SU(2) x U(1). Non-zero commutators of
the 8 generators of SU(3) in the fundamental representation lead to terms in the gluon
field kinematic part of the Lagrangian that correspond to vertices with three or four
gluons. This particular structure is responsible for some characteristic features of QCD,

which are described in the following.

Figure[2.I]shows the energy dependence of the renormalised ‘running’ coupling constant cvs.
Data points from various experiments at different energy scales or momentum transfer Q

are displayed. At low Q, corresponding to a large spatial range of the interaction, the
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Figure 2.1: The ‘running’ of the strong coupling constant « as a function of the energy
scale Q. Data points originating from a variety of experiments are displayed.
This figure was taken from [23].

coupling becomes large, whereas at high Q, corresponding to small distances, the coupling
approaches zero. At sufficiently high energy, quarks become quasi-free. This property of
QCD is known as asymptotic freedom [24,25]. The high-energy behaviour of QCD is
opposite to that of QED, where the coupling constant agy rises with the energy scale,

until the theory encounters infinities in the form of a Landau pole.

Hard QCD processes can be described by perturbative QCD (pQCD) calculations due to
the small coupling strength at high energy. The solution of the renormalisation group
equation in the leading-order approximation of a perturbative calculation yields the

following renormalised coupling constant:

127
(33 — 2Np) log (Q2/A%cp)

as(Q%) = (2.1)
In this formula, N¢ denotes the number of participating quark flavours and Aqcp is a
parameter that marks the energy scale at which the strong coupling diverges. Perturbative
QCD calculations are thus only feasible for energy scales significantly above Aqcp. Its
numerical value is about 200 MeV [23], corresponding to an interaction distance of 1fm -
the typical length scale of nuclear matter. For soft processes, the perturbative approach

fails and it becomes difficult to make quantitative predictions. Nowadays, the most



promising approach to working in the soft QCD regime is a numerical scheme on a

discretised space-time grid known as Lattice QCD [26].

Phenomenologically, the opposing energy dependence of the QCD and QED couplings
can be understood in terms of a screening or anti-screening effect of the respective charge.
Vacuum polarisation leads to an effectively reduced coupling strength between electric
charges that are being separated. This effect is referred to as as screening. Self-interacting
gluons establish an anti-screening effect between colour charges that are being separated,
meaning that the coupling strength increases. The phenomenological picture can be
extended such that the gluons between two colour charges form a narrow string tube of
high tension, preventing the colour charges from being separated completely. This concept
is known as colour confinement. It states that colour charges must form colour-neutral

objects and do not exist freely. In particular, quarks are always bound in hadrons.

Confinement is reflected in an additional linear term in the QCD potential between two
colour charges forming together a colour-neutral state. In the case of a quark-antiquark

pair, for example, the potential takes the form:

_das(r)

Vir) = 3 r

+ KT (2.2)

The first term represents a Coulomb-like interaction, which dominates at short ranges r.
The factor —4/3 is called the colour factor and depends on the particle types that interact.
The second term dominates at large distance. It can be seen as the potential energy of a
gluon string between the quark and the antiquark with the string constant x. It becomes
apparent that a total separation of the quark and antiquark would require infinite energy
and thus cannot be accomplished. Instead the gluon string would eventually break up
and form additional quark pairs until colour-neutral hadrons are formed in the process
of hadronisation. While QCD still lacks a formal proof of confinement [27], the concept
remains a postulate, based on the fact that free quarks have not yet been observed in

nature.

2.2 Exploring the QCD Phase Diagram

Figure shows a sketch of the QCD phase diagram, as it is understood by current

research, in terms of temperature and net baryon density. The latter is closely related
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Figure 2.2: Sketch of a possible QCD phase diagram, as illustrated by the Compressed
Baryonic Matter (CBM) collaboration [28].

to the baryochemical potential. Two main regimes can be identified: ordinary hadronic
matter at low temperature or low baryon density; and the Quark Gluon Plasma (QGP)
at high temperature or high baryon density. The QGP is a deconfined state of matter,
the properties of which are determined by the degrees of freedom of single quarks
and gluons [9,/10]. Moreover, the QGP is characterised by the restoration of chiral
symmetry [29]. The critical temperature T, marks the transition between the two
phases at zero baryochemical potential. Its value is currently estimated to be about
T, = 160MeV [9,10]. At low temperature and high density, a new phase of colour
superconductivity is predicted [30]. However, this region of the phase diagram is not yet

covered by experiments and predictions are very difficult to make.

It is one of the goals of heavy-ion physics to explore the different phases and transitions
of the QCD phase diagram. Different experiments are hereby sensitive to different paths,
such as those indicated by arrows in fig. High-energy particle colliders like the
RHIC and the LHC explore the regime of low baryochemical potential, while the future
experiments at the Facility for Antiproton and Ion Research (FAIR), which is currently
being built at the GSI Helmholtz Centre for Heavy Ion Research, are designed to explore

the regions of higher baryochemical potential at lower energy.

The QGP phase of strongly interacting matter is expected to be created in high-energy

nucleus-nucleus collisions. In the standard picture, an ultra-relativistic heavy-ion collision



experiences the following stages. The pre-equilibrium phase immediately after the
collision is characterised by hard scatterings of partons in the colliding nuclei. After
a thermalisation time of about 7 = 1fm/c = 3.3 x 10™%*s, the QGP is formed. High
pressure gradients subsequently drive a collective expansion of the medium, which can
be described by hydrodynamical modelling |31]. During the expansion, the fireball cools
down until the medium undergoes a phase transition and hadrons are formed. At chemical
freeze-out, the relative abundances of the created particle species are fixed. Afterwards,
hadrons are allowed to re-scatter, until particle momenta are fixed by the time of the

kinetic freeze-out. The free streaming particles then reach the detector.

2.3 Heavy Quarks in the QGP

Throughout this thesis, the term ‘heavy quark’ encompasses the charm and the beauty
quarks, which have masses of m. ~ 1.3GeV/c? and my, ~ 4.2GeV/c? [23]. The top
quark, with a mass of my ~ 173 GeV/c?, is not considered for reasons explained further

down.

Heavy quarks are produced at an early stage in heavy-ion collisions, before the QGP is
formed. The production time scale is of the order of ﬁ, where m is the mass of the heavy
quark. In contrast to the light quarks, their total mass is dominated by the coupling to
the Higgs field, as illustrated in fig. Consequently, heavy quarks keep their large
mass even when chiral symmetry is restored. Since the charm and beauty masses are
much larger than the QGP temperature, mc, my, > Tqap, the thermal production of
heavy quarks in the medium can be neglected at LHC energies. The annihilation rate of
heavy-quark pairs is also negligible [32]. In summary, it can be stated that heavy flavour
is approximately conserved during the evolution of the system, which makes heavy quarks

calibrated probes of the QGP medium properties.

In contrast to charm and beauty quarks, top quarks decay on a very short time scale of
1.3 x 107245 [23] due to the large available phase space. All produced top quarks have
therefore already decayed before they can interact with the equilibrated medium (cf.
previous section). Consequently, they can not be used to probe the QGP. Furthermore,
top pair production is very rare. With a production cross section of about 200 pb in pp

collisions at /s = 7TeV [34,/35], only one top event in the entire data set of 5.25nb~!
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Figure 2.3: Generation mechanisms of quark masses. Charm (c), beauty (b) and top (t)
quarks acquire their mass almost entirely by the coupling to the Higgs field.
This figure was taken from [33].

used in this work is expected. Top pair creation is studied at the LHC with the ATLAS
and CMS detectors, using triggers that allow them to scan pp collisions at much higher

event rates.

Experimental access to heavy quarks is made possible via the detection of hadrons
containing charm or beauty. Figure [2.4] shows the relative abundances of charmed
hadrons in pp collisions. About 1.5% of the produced charm hadronises to charmonium
(quark content ¢t), 9.4 % to the A} baryon (quark content udc) and the rest to various D-
meson ground and excited states. The masses and lifetimes of DY, D, D, D*(2007)Y and
D*(2010)™ are listed in table along with selected decay channels and their respective
branching ratios. The D-meson excited states decay rapidly to neutral and charged
ground states by means of the strong interaction. The D*(2007)" decays exclusively to
D + X, where X is a 7 or 7 (cf. table . The D*(2010)" decays with a fraction of
67.7% to D + 7T and with a fraction of 30.7% to DT + 70. In fig. the respective
fraction of excited states decaying to D? (D7) is coloured in blue (red). A D meson
that is directly produced from a charm quark or in the decay of a charmed resonance

is referred to as a ‘prompt’ D meson throughout the thesis. The fraction of prompt D°

10
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Figure 2.4: Relative abundances of charmed hadrons in pp collisions. The fraction of the
first excited states D*(2007)° and D*(2010)T further decaying to DY (DV) is
marked in blue (red). This figure was taken from .

relative to the number of prompt charm quarks is 0.557 + 0.023, corresponding to the
total blue area in fig.

The ALICE collaboration currently pursues three independent strategies for the analysis
of heavy-flavour hadrons in pp, Pb—Pb and p—Pb collisions at the LHC. The first two
consist of analysing semileptonic decay channels, containing either a single muon or a
single electron in the final state. The production of muons from heavy-flavour hadron
decays is studied with the ALICE muon spectrometer at forward rapidity . The
production of heavy-flavour electrons is measured based on PID information provided by
the TPC, TOF, TRD and EMCAL . Another possibility is to exploit the fact that
electrons from heavy-flavour decays have a non-zero impact parameter (i.e. distance of
the track from the primary vertex) due to the non-zero decay length of the heavy-flavour
hadron. Using this method, a statistical separation of charm and beauty via their different
impact parameter distributions can be performed, allowing for a separate measurement
of electrons from beauty-hadron decays . The semileptonic decay channels come
with the advantage of large branching ratios and thus large available statistics. However,
lepton flavour conservation enforces the presence of a neutrino, which is undetectable.
Therefore, the kinematic information of the original heavy-flavour hadron is always

partially lost in the reconstruction.

The third strategy for heavy-flavour measurements is the full reconstruction of purely
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meson mass (MeV/c?) cr (qum) {I' (keV)} decay channel — B(%)

DO 1864.84 £0.07  123.03 £ 0.45 K™ 7t 3.88 £ 0.05
Kt 7~ (1.380 £ 0.028) x 1074

D+ 1869.61 £ 0.10  312.00 + 2.1 9.13 £ 0.19
DY 1968.30 £0.11  150.00 & 2.1 H(K"K*) 7|  2.2440.10
D*(2007)°  2006.96 =0.10  {< 2100} DO 70 61.9+2.9

DO v 38.1+£2.9
D*(2010)* 2010.26 +£0.07  {83.4 + 1.8} DO 7t 67.7+£0.5

DO(K—nt) at | 2.63+0.04

Dt 70 30.7+0.5

Table 2.1: Properties of charmed mesons and their most abundant first excited states.
For the short-lived D*(2007)° and D*(2010) " the natural line width T is given
instead of the mean lifetime c¢r. The framed decay modes are analysed in
ALICE for the reconstruction of the respective D-meson species. The listed
values and uncertainties were taken from [23].

hadronic decay channels via invariant mass analysis. In this case, the full kinematic
information is retained. The current analysis efforts concentrate on D mesons, as the
full kinematic reconstruction of B mesons was not yet feasible with ALICE based on the
available data sets. The cross section of charm-pair production in pp collisions at the
LHC is about 20 times larger than that of beauty-pair production [42]. D mesons are

consequently more abundant than B mesons and therefore easier to measure.

The D-meson species D°, D¥, D and D*(2010)* are reconstructed in pp, p-Pb and
Pb-Pb collisions with ALICE using the topological approach that was introduced in
chapter (1] [11H16]. The selected decay channel for each of the reconstructed species
is framed in the corresponding column of table The choice of a specific decay
channel is based on the size of the branching fraction and on the feasibility of the decay
reconstruction. In this respect, the ‘golden channel’ is D — K7t as the final state
comprises only two particles. The possible combinations for background candidates are
thus restricted as compared to the decay channels of the other D mesons, which require
the detection of three particles. Accordingly, the D° — K~ 7 decay mode is chosen for

the new analysis presented in this thesis.
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2.4 Open Charm and Charmonium

Charmed hadrons that contain exactly one charm or anti-charm quark, i.e. mainly D
mesons and the Al baryon, are often referred to as ‘open charm’. In contrast, bound
states of one charm and one anti-charm quark are known as charmonium. A variety of
charmonium states exist that differ in quantum numbers and binding energy. For an
extensive review of the physics of charmonium spectroscopy see [43] or |[44]. For the
field of ultra-relativistic heavy-ion physics, the most relevant charmonium state is the
vector ground state, J/v, as it is produced in relatively large abundance and can be
directly measured via its decay into ete™ or pu*u~ with a branching ratio of about 6 %
each [23].

The detection of charmonium has played a central role in heavy-ion physics since its
possible suppression in heavy-ion collisions was proposed as a direct observable for
deconfinement [45|. The original concept assumes that charmonium is produced in initial
hard scattering processes and is subsequently destroyed in the possibly deconfined medium
via a process known as colour screening. It is assumed that this ‘melting’ of charmonium
occurs above the Debye temperature Tp, which depends on the binding energy of the
respective state. This implies that excited states are melted at lower temperatures than
the ground state. The possible observation of a hierarchy in the suppression of different
charmonium states, also referred to as ‘sequential melting’, was therefore proposed as a

proxy for the QGP temperature [46].

The modern picture of charmonium production in ultra-relativistic heavy-ion collisions is
more refined and takes into account non-primordial production during the evolution of
the medium or at the phase boundary. In the Statistical Hadronisation Model [18], it
is assumed that charmonium is exclusively produced at the phase boundary. In such a
scenario, the production of charmonium is then governed by the total number of charm
quarks available for thermal hadron formation. An important premise is that charm
quarks are formed in initial hard scatterings and their total number is approximately
conserved during the evolution of the system [32]. Transport models comprise the second
main scenario for charmonium production in relativistic heavy-ion collisions [19]. These
models account for a continuous generation and destruction of charmonium throughout

the evolution of the system.
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Figure 2.5: J /v suppression in Pb-Pb collisions at /sny = 2.76 TeV vs. Nparg. A recent
ALICE measurement in the u*p~ decay channel is displayed along with
theoretical predictions from different models [48-50]. The large uncertainties
of the models are due to the uncertainty on the charm production cross
section, which enters quadratically as a model parameter. This figure was

derived from )

The experimental observable to quantify medium effects like suppression or enhancement
is the nuclear modification factor R A/ ¥ Tt is defined as the ratio of the J /¢ yield in
nucleus-nucleus (AA) collisions to the yield in pp collisions, scaled up by the average

number of binary collisions (N¢op):

A
RYY = NGy . (2.3)
<Ncoll> : dN;})¢/dy

Figure presents the J /1 nuclear modification factor in Pb-Pb collisions at /sy =
2.76 TeV as a function of the number of nucleons participating in the collision, Npar;. A
recent measurement in the ™ p~ decay channel with the ALICE muon spectrometer
at forward rapidity is displayed along with the theoretical predictions from the
Statistical Hadronisation Model and two transport models ,.

From this example, it can be seen that the measurement is considerably more precise than

the theory. The large uncertainties in the models are due to the large uncertainties of
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the total charm cross section, do®/dy, which is required as an input parameter for both
types of models. In the case of the Statistical Hadronisation Model, do®/dy is actually
the only free parameter. Furthermore, as two charm quarks are needed to form a J/v
meson, do®/dy enters quadratically into the J/1 yield calculation. A better precision of
the measurement of do®/dy will therefore significantly contribute to the understanding

of charmonium production in nucleus-nucleus collisions.

2.5 Theoretical Predictions for Heavy-Flavour Production

The production cross section of a heavy-flavour meson in pp collisions can be calculated by
splitting the calculation into a perturbative and a non-perturbative part. This technique
is known as the factorisation approach. It consists of a convolution of the perturbative
cross section of heavy-quark pair production with a non-perturbative fragmentation
function that parameterises the relative abundance and momentum distribution of the

heavy-flavour hadron:

doppHex = Ao ogx © Dot - (2.4)

Here, Hq is the produced heavy-flavour meson and heavy (anti)quarks are denoted as
Q (Q). The cross section for heavy-quark pair production from two colliding protons,
i.e. the first term in eq. (2.4]), can be reduced to a sum of elementary processes as

follows:
do,, qax = Z/dml/dxg Fi(xy, pd) FI (29, uf) do—jj*)QQX(p17p2?/’L1217/’L%)' (2.5)
i7cj

This formula involves the cross sections da.lj QX for the interaction of single partons
i and j that can be computed by the means of a perturbative series in the strong
coupling constant. The formula further includes the parton distribution functions (PDFs),
Fi(xy,, u%) with k£ € 1,2, which denote the probability density of the parton i to carry
the momentum pg = x P, where Py is the respective proton momentum. The parton
distribution functions and the partonic cross sections depend on the factorisation and

renormalisation scale parameters pur and ug.

The lowest order in the perturbative expansion for the calculation of the elementary
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Q Q
Figure 2.6: Feynman diagrams of the leading-order (LO) processes of heavy-flavour pair
production. Quarks are dgloted with a straight line labelled with q (q) for

light (anti)quarks and Q (Q) for heavy (anti)quarks. Gluons are represented
by curly lines.

Figure 2.7: Feynman diagrams of two contributions to the heavy-quark pair production
cross section at next-to-leading order (NLO). The process depicted on the
left is called gluon splitting, the process on the right flavour excitation. The
diagrams are labelled as in fig.

processes is known as the leading order (LO). The possible hard scattering processes at LO
are quark-antiquark annihilation q+q — Q+Q and gluon-gluon fusion g+g — Q+Q. The
corresponding Feynman diagrams can be found in fig. As the diagrams contain two
vertices, the leading order is in ag. Gluon fusion is the dominant production mechanism

for heavy-quark pairs at the LHC.

A large variety of basic processes contribute to the next-to-leading order (NLO) in . Two
examples are gluon splitting and flavour excitation, the Feynman diagrams of which are
displayed in fig. 2.7 Next-to-leading order calculations of heavy-flavour production yield
realistic results for transverse momenta at the order of the heavy-quark mass, see e.g. [51].
However, NLO calculations contain logarithmic terms in pp/m that spoil the convergence
of the expansion for pr > m. These terms are categorised as leading logarithmic
terms (LL), next-to-leading logarithmic terms (NLL) and so on. The convergence of the
expansion can be recovered for high pr using the fragmentation-function formalism [52].
Since this is a massless formulation, however, it does not work properly in the regime

where pr is of the order of the heavy quark mass.

The Fixed Order plus Next-to-Leading Logarithms (FONLL) framework [17] solves

16



default value variations
me (GeV/c?) 1.5 1.3, 1.7
my, (GeV/c?) 4.75 4.5, 5

MR, UF po = /P4 +m? 0.5 < prr/po <2

with 0.5 < pgr/ur < 2

Table 2.2: Parameters included in FONLL calculations of heavy-flavour production [56].
The listed variations of the default values are used to estimate the systematic
uncertainty.

this issue in combining fixed order NLO calculations with the fragmentation function
formalism, correctly taking into account the LO, NLO, LL and NLL terms. Thus
FONLL provides a valid description of heavy flavour production from low to high pr.
The calculations need to be provided with a PDF set and parameterised fragmentation
functions as an input. They contain as parameters the charm (or beauty) mass and the
renormalisation and factorisation scale parameters pur and prp. FONLL calculations for
heavy-quark production in pp collisions at different collider energies are available on a
public website [53]. A central value and an uncertainty band are quoted in the output.
The central values for the parameters are listed in table along with the ranges that
were used to estimate the uncertainty. The employed PDF set for the central values is
CTEQG6.6 [54]. The uncertainty due to the PDF set is estimated as in [55].

The left panel of fig. displays the pp-differential D° production cross section at mid-
rapidity, |y| < 0.5, in pp collisions at /s = 7TeV, obtained with FONLL calculations [56].
The blue solid line represents the central value and the blue band the uncertainty. The
theoretical uncertainties are sizeable, in particular in the low-pr range and span up to
an order of magnitude. The right panel of fig. shows the cumulative FONLL cross
section normalised by the integral from zero to infinity at y = 0. The plot can thus be
interpreted as the D yield fraction below a given transverse momentum. As indicated by
the red dotted line, more than 50 % of the yield lies below 2 GeV /c and about 20 % of the
yield lies below 1 GeV /c. The low-pr region is thus crucial for a precise determination of
the pr-integrated charm production cross section. The topological selection of D mesons
is limited to transverse momenta above about 1 GeV /¢, as will be detailed in section [4.2.3]
A fraction of about 20 % of the D° yield is thus not accessible with the topological method

and the cross section must be extrapolated down to zero transverse momentum based
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Figure 2.8: FONLL prediction of the pp-differential D° production cross section at ly| <
0.5 in pp collisions at /s = 7TeV (left) and cumulative yield fraction up to
a given pr in percent (right). More than 50 % of the D yield is predicted to
lie below 2 GeV/c. The values were taken from [56].

on theory input. Such an extrapolation is associated with large uncertainties, as can be

seen in fig.

In this work, FONLL predictions for charm and beauty production are used to estimate
the feed-down fraction of DY from B decays in the DY yield (section and for a

comparison with the measured pr spectrum of D production (chapter 7))
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chapter 3

ALICE AT THE LHC

This chapter introduces ALICE in the context of the physics programme of the Large
Hadron Collider (LHC) and describes the detectors of ALICE that are important for this

thesis.

3.1 LHC Experiments and Physics Programme

The LHC [57] provides hadron collisions to four major experiments. A Toroidal LHC
Apparatus (ATLAS) [58] and the Compact Muon Solenoid (CMS) [59] are two general
purpose detectors, currently focussing on the investigation of the Higgs boson and the
search for new physics beyond the Standard Model, mainly in pp collisions. ATLAS
and CMS essentially share the same physics programme, allowing for the cross check
of important results by two independent collaborations — a concept that has already
been proven successful for the Higgs discovery. The Large Hadron Collider Beauty
(LHCb) experiment [60] is specialised in physics involving beauty quarks, for example

the investigation of CP violation in B meson oscillations.

Whereas ATLAS, CMS and LHCb primarily focus on the investigation of pp collisions,
A Large Ion Collider Experiment (ALICE) [61] is dedicated to the heavy-ion programme
at the LHC. The detector is therefore optimised to meet the specific challenges that arise
from the high multiplicity environment created in central Pb-Pb collisions. The Time
Projection Chamber, which is the main tracking device of ALICE, can handle particle

densities up to dN/dy = 8000 [61]. A low material budget, a moderate magnetic field of
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Figure 3.1: Sketch of ALICE with labels for the different subsystems. This figure was
taken from .

0.5 T and excellent particle identification (PID) capabilities allow for the comprehensive

study of particle production down to low momentum.

3.2 ALICE Detector Overview

Figure shows a sketch of ALICE with labels for the different subsystems. The
detector consists of a central barrel for measurements mainly at mid-rapidity and a
muon spectrometer for measurements at forward rapidity. From the beamline to the
outside, the central barrel hosts the Inner Tracking System (ITS) for tracking and vertex
detection; the Time Projection Chamber (TPC) for tracking and particle identification via
energy loss dE/dz; the Transition Radiation Detector (TRD) for electron identification;
and the Time-of-Flight (TOF) system for particle identification by means of a velocity
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measurement. [TS, TPC and TOF cover full azimuth and a pseudo-rapidity range of
about |n| < 0.9, apart from the first two layers of the ITS that have an extended 7 coverage.
The TRD is currently completed with the missing modules and will be established in full
azimuthal coverage in Run II. The Electromagnetic Calorimeter (EMCAL), the Photon
Calorimeter (PHOS) and the High Momentum Particle IDentification Detector (HMPID)

cover only a part in azimuth and in pseudo-rapidity.

A magnetic field of 0.5 T is provided by a solenoidal magnet that was inherited from the
L3 experiment at the Large Electron Positron (LEP) collider. Some smaller detectors for
event characterisation and triggering are located in the forward rapidity region, close
to the beam pipe. In the central barrel, these are the VO and TO0 detectors, the Photon
Multiplicity Detector (PMD) and the Forward Multiplicity Detector (FMD). The Zero
Degree Calorimeters (ZDC) are located outside the detector at a distance of 116 m at

each side of the central interaction point.

Throughout this thesis, the standard ALICE coordinate system is used, if not otherwise
stated. The central interaction point in the detector defines the origin of the cartesian
coordinate system. The z axis points along the beamline. Accordingly, the zy plane is
oriented transverse to the beamline and sometimes denoted as the transverse plane. The

muon system defines the ‘C-side’ of the detector, the opposite side is called *A-side’.

The subsystems of ALICE that are relevant for this work are described in detail in the
following sections. A comprehensive description of layout and performance of the detector

is given in the Technical Design Report [61] and a recent performance paper [62].

3.3 Inner Tracking System

The Inner Tracking System (ITS) provides tracking and identification of charged particles
in six cylindrical layers of silicon semiconductor detectors at radii between 3.9 cm and
43.0 cm in coaxial arrangement around the beam pipe. The two innermost layers with
a pseudo-rapidity coverage of |n| < 1.98 constitute the Silicon Pixel Detector (SPD).
With a granularity of 50 pm (r¢) x 425um (z), it provides a high spatial resolution of
12pm in r7¢ and of 100 pm in z. The SPD is followed by two layers of the Silicon Drift
Detector (SDD) and two layers of the Silicon Strip Detector (SSD) with a pseudo-rapidity

acceptance of |n| < 0.9. The total material budget for a track traversing each layer of
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the ITS is only about 8% of a radiation length.

In this analysis, the ITS is used to improve the momentum resolution of particles
reconstructed with the TPC and for the precise localisation of primary vertices. Moreover,
the SPD contributes a signal to the minimum bias trigger that is used in this analysis.
The contribution of the ITS to the combined ITS-TPC tracking system is crucial for
the reconstruction of secondary decay vertices and thus for the topological selection
of D mesons. This particular functionality of the ITS, however, is not needed in this
work, where D mesons are measured without the reconstruction of secondary vertices.
Furthermore, the SSD and SDD layers provide energy loss information that can be used
for the identification of charged particles. This feature is particularly useful to identify
low momentum particles that do not reach the TPC. However, in this analysis, the PID
information from the ITS is not used, since the corresponding dE/dx information from

the TPC is more precise and thus preferred.

3.4 Time Projection Chamber

The Time Projection Chamber (TPC) is the heart of the central barrel with an essential
contribution to most of the ALICE physics analyses. With an inner radius of 85 cm, an
outer radius of 250 cm and a length of 500 cm, it is the largest TPC ever built. The TPC
provides tracking in a large transverse momentum range, as well as PID information by
measuring the specific energy loss of charged particles in the TPC gas. In the period of
data taking that is relevant for this thesis, it was operated with a gas mixture of neon,
carbon dioxide and nitrogen in the proportions 90/10/5. The drift field is provided by a
central electrode at a negative voltage of 100kV. The produced ionisation electrons are
collected at read-out plates on either side of the chamber. The drift time for electrons
traversing the full chamber is of about 90 ps. The read-out panels are organised in 18

sectors at each side in azimuthal direction and 159 pad rows in radial direction.

For tracks with full radial length that have possible matches in I'TS, TOF and TRD,
the acceptance is about |n| < 0.9. Tracks with a pseudo-rapidity outside this range are
still reconstructed, but suffer from reduced momentum resolution since the track only
partially traverses the active volume and the lever arm is shortened. The TPC is designed

for the high occupancies that occur in central Pb—Pb collisions. The fast read-out can
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manage primary charged particle multiplicities up to dN/dn = 8000, mounting up to
about 20000 tracks in the acceptance. The relative dF/dx resolution in the data set used
in this work was measured to be about 5.5% [63], enabling a kaon-pion separation of
20 up to a momentum of about 0.8 GeV /c and a proton-pion separation of 20 up to a

momentum of about 1.6 GeV/c [62].

The current analysis strongly relies on both the tracking and the particle identification

capacities of the TPC.

3.5 Time of Flight

The Time-of-Flight (TOF) system provides particle identification via flight-time measure-
ments in an acceptance range of |n| < 0.88. It consists of 1593 Multi-gap Resistive-Plate
Chambers (MRPCs), arranged in 18 segments in ¢ and 5 segments in z direction with a
radial distance between 3.7 m and 3.99 m from the beamline. The flight time of a particle
is evaluated by taking the difference of the measured arrival time in the TOF system and
a reference start time for each event that is provided by the TO detector. In combination
with the track length and the track momentum measured in the TPC, a mass hypothesis
for the particle can be calculated. The resolution of particle arrival times in the TOF
detector is about 80 ps |64], enabling a kaon-pion separation of 20 up to a momentum of

3GeV/c and a proton-pion separation of 20 up to a momentum of 5GeV/c. [62].

In this analysis, the TOF information is used in conjunction with the PID information
provided by the TPC.

3.6 TO

The TO detector consists of two small arrays of Cherenkov detectors placed at forward
rapidity on either side of the interaction point, very close to the beam pipe. The
part on the A-side (TOA) covers a pseudo-rapidity of 4.61 < n < 4.92. Due to space
constraints on the C-side, TOC had to be placed in front of the muon absorber. It is
hence located closer to the nominal interaction point and covers a pseudo-rapidity range
of —3.28 <n < —-2.97.
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The TO detector is primarily used to provide a common start time per event to the
TOF system. Besides, it contributes the earliest signal to the lowest-level trigger and

participates in the luminosity measurement.

3.7 VO

The VO detector consists of two arrays of scintillator counters, VOA and VOC, placed
on both sides of the interaction point, close to the T0 detectors. VOA and VOC cover a
pseudo-rapidity of 2.8 <7 < 5.1 and —3.7 < n < —1.7 respectively.

The VO detector is used to define various minimum bias (MB) triggers in combination
with other sub-detectors. The monotonic increase of the VO signal amplitudes with the
event multiplicity are exploited to classify the multiplicity and, in the case of nucleus-
nucleus collisions, the centrality of events. With this functionality, the VO detector is
also employed as a centrality trigger. Furthermore, the combined timing information of
VOA and VOC is exploited for the rejection of beam-gas events. The VO detector is also

used as a luminometer.
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chapter 4

TuaE D' DECAY

The first part of this chapter presents details about the D° decay modes that are relevant
for the analysis presented in this thesis. In particular, the notion of Cabibbo suppression
is introduced in the context of the decay mode D® — K*7~. In the second part of this
chapter, the D? decay kinematics is studied, which is essential for various aspects of this

thesis.

4.1 D" Decay Modes

In this analysis, D? mesons are reconstructed in the D° — K~ 7t decay channel and
its charge conjugate DY - K*7~. The specific choice among the many possible decay
modes was motivated in chapter All opposite-signed Kr pairs are thus considered

for the invariant mass analysis. Naturally, also the decay mode D® — K*7~ and its

Figure 4.1: Feynman diagrams of the Cabibbo-favoured decay D° — K~ 7" (left) with a
branching ratio of (3.88 4= 0.05) % and the doubly Cabibbo-suppressed decay
D? — K*7~ (right) with a branching ratio of (1.380 + 0.028) x 1072 %.
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charge conjugate D — K7+ contribute to the measured D° signal, though they are
strongly suppressed. Figure shows Feynman diagrams of the two processes. During
the DY — K~ 7F decay (left diagram in fig. , the charm quark from the original D°
splits into a strange quark and a W+ that subsequently decays to a ud quark pair forming
a m+. The two flavour changes involved are either within the first or within the second
quark family. The transition amplitude consequently contains only diagonal elements of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [65,66]. In the D — K*7~ decay, the
charm quark changes its flavour to a down quark radiating a W that decays further to a
us quark pair, constituting a K™ in the final state. A cross-over between different quark-
families now occurs in both of these flavour changes. The transition amplitude accordingly
contains two off-diagonal elements of the CKM matrix, which are much smaller than the
diagonal entries. This effect is known as Cabibbo suppression. D — K7~ is doubly

Cabibbo-suppressed, whereas DY — K~nt is Cabibbo-favoured.

The Particle Data Group (PDG) currently lists the branching fractions (3.88 £ 0.05) %
for DY — K~7% and (1.380 4 0.028) x 10~ for D? — K7~ as world average [23]. The
ratio of the branching fractions of the Cabibbo-suppressed to the Cabibbo-favoured decay
is (3.56 +0.06) x 1073. Though it is hence of little relevance to the analysis results
whether the doubly Cabibbo-suppressed decay is taken into account or not, it is straight
forward to add the branching ratios of the two contributing decay channels. A total
branching ratio of B = (3.89 £ 0.05) % is consequently used for the calculation of the D°
cross section (cf. section .

The PDG values of the branching fractions are subject to small fluctuations due to
regular updates from recent measurements. By the time the topological D° analysis
was published, the PDG value for the branching ratio of D° — K~ 7% was 3.87% [11].
Furthermore, the doubly-Cabibbo suppressed decay channel was not taken into account.
The branching ratio used in this analysis is therefore 0.02 % larger than that used in
the topological analysis. The relative difference of about 0.5 % should be kept in mind,
even though it is negligible compared to the uncertainties of the measurements. The
inconsistency could in principle be avoided by quoting the branching ratio times cross
section as the final result. Meanwhile, the current PDG value of the branching fraction
B(D° — K~77) is likely to be adjusted again soon, as the CLEO collaboration recently
updated their measurement of several D-meson branching ratios in electron-positron

collisions at the Cornell Electron Storage Ring (CESR) [67]. They reported an updated
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result of 3.934 4 0.021(stat.) 4 0.061(syst.) % for D® — K~ 7%, which constitutes now the

most precise single measurement of this particular branching ratio.

In a rare process, known as oscillation, a D° can transform to its antiparticle DO
and vice versa before it decays. Such D°-DO oscillations were observed recently with
the LHCDb experiment via a precise decay time dependent measurement of the ratio
B(D° — K*77)/B(D® — K 7F) [68]. This measurement is the first significant observa-
tion of D-meson oscillations with a single experiment and contains interesting physics of
its own. For this analysis, however, possible influences of D-meson oscillations on the

invariant mass distributions can be completely neglected.

4.2 DY Decay Kinematics

4.2.1 Momentum-Space Variables

This section is intended to provide a collection of important definitions and equations
for the kinematic variables that are used in this thesis. In equations in this chapter and
throughout the thesis, natural units with ¢ = 1 are used, where ¢ denotes the speed of
light.

In this thesis, the momentum-space variables (pr, y, ¢) are used, where pr is the transverse
momentum, i.e. the momentum projected to the transverse plane, ¢ the azimuthal angle

in the transverse plane, and y the rapidity defined as

_ 1, E+p,
—tanh ™' 8, = =1 .
y =tanh™" 3, QHE—pZ

(4.1)

Here, E denotes the energy of the particle and 8, and p, the relativistic velocity and the
momentum along the z direction, which corresponds to the beam axis (cf. section .
As defined according to eq. , rapidity is an additive quantity under Lorentz transfor-
mations along the z direction. For massive particles, the rapidity depends on the mass
m of the particle. Rapidity is thus only a meaningful quantity if the particle type is

known. For some applications, it is therefore more convenient to use the pseudo-rapidity
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7 instead, which is independent of the particle species. It is defined as

-0 ”

where 6 is the polar angle between the z axis and the momentum vector. A flight direction
of a particle transverse to the beam axis corresponds to n = 0; a flight direction at
0 = 45° corresponds to |n| ~ 0.88; and a flight direction along the beam axis corresponds

to |n| = oco. The transformation from pseudo-rapidity to rapidity is

| \/ m?2 + p% cosh? n + prsinhn
y=In .
\/m? + p%

Rapidity coincides with pseudo-rapidity for massless particles or in the ultra-relativistic

(4.3)

limit F > m for a massive particle. The following inequality for rapidity y and pseudo-
rapidity n always holds:
lyl < Inl- (4.4)

The transformation of the momentum coordinates (pr,y, ¢) to cartesian momentum

coordinates (pg, py,p-) is given by

Pz = PTCOSQ, (4.5)
py = pT Sin ¢ 9 (46)
p, = prsinhny=mrsinhy. (4.7)

Here, the transverse mass my is defined as

mr = \/m2 + pA. (4.8)

The following expressions for the energy and the absolute value of the momentum as a

function of pr and y are also useful:

E = mrcoshy, (4.9)

lp] = prcoshn = \/(m2 + p2)sinh? y + p2. (4.10)
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4.2.2 Invariant Mass

The invariant mass M of a system of N particles with four-momenta p; = (FE;, p;) is
defined as

N 2
M? = (ZpZ) : (4.11)
=0

For two particles, the invariant mass can be written in the form

M? = (p1 4 p2)? = m} + m3 + 2(E1Es — |pi||p3| cos ) . (4.12)
Using the (pr,y, ) momentum-space variables, the formula translates to

M? = m% + m% + 2mr,1mT 2 cosh Ay — 2pr 1p1.2 cos A¢ (4.13)

with the differences in rapidity, Ay = y1 — yo, and in the azimuthal angle, A¢p = ¢1 — o,
of the two particles and the transverse mass mr as defined in eq. (4.8).

4.2.3 Decay Length

The decay length is defined as the distance between the production point of a particle,
i.e. the primary vertex, and the location where it decays, i.e. the secondary vertex.
The decay length of D mesons is the determining parameter for the performance of the
measurement of D-meson production via the reconstruction of the decay topology. The
efficiency of the background rejection decreases with decreasing decay length. If the
decay length is too small, the secondary vertex can no longer be distinguished from the
primary vertex and the topological approach for D-meson reconstruction fails. For an
evaluation of the experimental limit of the topological approach for the measurement of
D mesons towards low pr, it is therefore instructive to analyse the dependence of the

decay length on kinematic variables and to compare it to the detector resolution.

The average lifetime of a D in its rest frame is about 79 = 123 um/c [23]. Performing a

Lorentz boost to the lab frame yields for the average decay length

L= Bymy = %TO, (4.14)
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Figure 4.2: Average D? decay length in the lab frame as a function of the D° transverse
momentum and rapidity. The white line marks the resolution limit of about
80 um for the separation of the secondary from the primary vertex.

where p is the absolute value of the momentum and m = 1.865 GeV/c? the DY mass. The

average decay length can be expressed as a function of the DY rapidity and transverse

momentum using eq. (4.10):

0 .
L = 2 2 h2 2 4.1
m\/(m + p7) sinh” y + p7. (4.15)

A plot of this formula in the rapidity range |y| < 1 and in the pt range 0 < pr < 2GeV/c
is shown in fig. The resolution of the separation of the secondary vertex from the
primary vertex is about 80 um for a D at zero transverse momentum . The white
contour line in fig. encloses the phase space region, for which the average D° decay
length is below this resolution limit of 80 pm. As this area covers almost the entire
phase space for a D with pr < 1GeV/c at mid-rapidity |y| < 0.8, the topological
reconstruction of D mesons with ALICE is limited to about pr > 1GeV/c.

Figure also demonstrates that, profiting from the boost in rapidity, the topolog-
ical approach can still be applied down to zero transverse momentum using a for-
ward detector. With the LHCb experiment, D-meson production in pp collisions at

/s = 7TeV was measured at forward rapidity in 2.0 < y < 4.5 and in the pr range
0 < pr < 8GeV/c [69).
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4.2.4 Kinematics of a Two-Body Decay

Consider a general two-body decay, where a mother particle with mass M decays to two
daughter particles with masses mq and mo, where M > mq + mo. The centre-of-mass
frame (CMS) of the system corresponds to the rest frame of the decaying particle. In the
CMS, the four-momenta of the involved particles can be written as p = (M, 0,0,0) for
the mother particle and p; = (E;, p;), with ¢ € {1, 2}, for the daughter particles. Starting

from four-momentum conservation

P =p1+tDp2, (4.16)

the energies and momenta of the daughter particles in the CMS can be expressed as

1

1
N . 1
5] = |7a| = W\/M4 +md 4 md — 2(M2m2 + M2m3 + m2m3).  (4.19)

These expressions are symmetric under the exchange of the two particles, as expected. For
the DY — K~ 7t decay, with the masses of the involved particles, mpo = 1.865 GeV/ 2,
mg- = 0.494 GeV/c? and m,+ = 0.140 GeV/c?, eqs. (4.18)) - (4.19)) yield for the energies

and momenta of the decay products:

Px-| = |Pre| = 0.861GeV/c, (4.20)
Ex- = 0.993GeV, (4.21)
E.+ = 0873GeV. (4.22)

In the CMS, the energy and momentum spectra of the daughter particles are discrete.
Boosting the decay kinematics to the lab frame results in continuous spectra for the case

of a moving mother particle.

4.2.5 A Toy Monte Carlo for Decay Kinematics

Based on the equations of the last section, the two-body decay DY — K~ 7t can be

simulated using four-vector relativistic kinematics and random generators. In the course
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of this work, a toy Monte Carlo (MC) was developed for the use in several parts of this

thesis.

The decay routine is described in the following. In the centre-of-mass frame of the D?,
the four-momentum of the kaon is initialised with the three-momentum pointing in a
random direction on a sphere with radius 861.06 MeV /c (cf. section [4.2.4). In a second
step, the four-momentum of the pion is initialised with the three-momentum pointing
in the opposite direction. The three-momentum of the corresponding mother particle
is then randomly generated in (pr, y, ¢) space. According to both FONLL [17] and
PYTHIA [70,/71] predictions, the rapidity distribution of DY mesons in pp collisions
is flat within 1% in |y| < 1. The rapidity for generated DY mesons is thus drawn
from a uniform distribution in a given interval around mid-rapidity. The underlying pr
distribution can be chosen flat, or realistic, e.g. using the FONLL pr distribution. For
the ¢ angle, a flat distribution in [0, 27] is used. Once the mother and daughter particles
are initialised, the four-momenta of the daughter particles are boosted to the lab frame
with a Lorentz transformation based on the three-momentum of the mother particle.
The entire kinematic information of a particular decay is thus contained in the resulting
three-momenta of the kaon and the pion (six numbers). Depending on the goal of the

specific simulation, this information is then processed further.

In fig. the momentum and transverse momentum spectra of the decay daughters
are displayed, along with their angular distance in the transverse plane, A¢. Ten
million D? mesons with |y| < 0.8 were generated with the toy MC in four pr bins in
0 < pr <4GeV/c (top to bottom in fig. . The daughter particles were additionally
restricted to || < 0.8 to mimic the corresponding track selection cut applied in this

analysis (cf. section [5.4)). minimum transverse momentum was not required.
lysis (cf. sect 5.4). A transvers t S not d
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Figure 4.3: Simulated kinematics of the D® — K~ 7t decay. The two-dimensional (trans-
verse) momentum spectra of the daughter particles are shown on the left (in
the middle), along with their angular distance, A¢, on the right. Ten million
DY mesons were generated in |y| < 0.8. A selection with || < 0.8 was applied
on the daughter particles.

33



chapter 5

DATA ANALYSIS

In this chapter, the different steps of the analysis of low-pr D° production are described
in detail. The chapter starts with a general overview of the analysis strategy. After some
remarks on computational aspects and workflow, further details about each analysis stage

can be found in a dedicated subsequent section.

5.1 Strategy and Overview

DY mesons and their antiparticles DO mesons are reconstructed in the decay channel
DY — K~ nt and its charge conjugate with a small contribution of about 0.4 % from
the doubly Cabibbo-suppressed decay D — K*7~, as pointed out in section The
analysis is run on selected events in a data set of pp collisions recorded with ALICE in
2010 at a centre-of-mass energy /s = 7TeV. The data samples and the event selection
are described in section Within the reconstructed events, charged particles are
represented by tracks that have been reconstructed from detector signals in the ITS and
the TPC. A quality and kinematic selection is applied on the tracks that are present
in each event, as detailed in section The selected tracks are then processed further
in the analysis. Without any assumption on the particle type, each combination of
a negative and a positive track within the same event is accepted as a D° candidate.
The DU signature is a peak in the invariant mass distribution of all such candidates at
the nominal D° mass. It is intrinsic to the procedure of combining tracks to implicate

a large combinatorial background of track pairs not originating from a D° decay, of
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which the invariant mass falls in the D? peak region by coincidence. A priori, the signal-
to-background ratio (S/B) is thus only about 2.5 x 10~* in the low-pr region, where
the combinatorial background is particularly large due to the production of soft pions
and kaons. The stable extraction of the signal in such a high background environment

constitutes the major challenge to this analysis.

The excellent particle identification (PID) capabilities of ALICE contribute significantly
to the reduction of background, while retaining a high efficiency for the signal. The
specific energy loss per unit of path length dE/dz of charged particles in the TPC gas
is used in conjunction with the time-of-flight information provided by the TOF system.
Details of the PID strategy are discussed in section After PID selection, the S/B
ratio is about 1073 in the pr interval 0 < pr < 1 GeV/c. At this scale, signal extraction
is still very sensitive to the unknown background shape and thus highly unstable. An
estimate of the combinatorial background is therefore subtracted from the invariant
mass spectrum, as part of the signal extraction, using the like-sign technique. After
subtraction of the combinatorial background, the D yield is extracted in the full pr
range 0 < pt < 16 GeV /¢ by fitting with a parameterisation of the signal and the small
residual background that survived the background subtraction. Section is dedicated

to the signal extraction procedure.

The extracted raw yield is corrected by the efficiency of the reconstruction and the selec-
tions applied in the analysis. The efficiency correction is determined by analysing Monte
Carlo (MC) events that were generated in a realistic simulated detector environment,
applying the identical reconstruction algorithm and the same selections as for real data.
In the standard topological D-meson analysis, the efficiency quickly drops to zero for
small pr. In this work, however, the efficiency flattens off at about 20 % going towards
zero transverse momentum of the D?. Signal extraction thus becomes possible in the
entire momentum space, assuming that the background is under control. Section [5.7]
contains details about the efficiency correction. D° mesons from B decays are denoted
as feed-down. Their contribution to the measured D° yield must be subtracted, relying
on theory input, in order to derive the cross section of prompt DY production. The
analysis step of feed-down subtraction is described in section [5.8] With all the input
gathered, the chapter concludes section with the calculation of the DY production

cross section.
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5.2 Computational Analysis

For a variety of programming tasks including data processing, Monte Carlo simulation
and data visualisation, the ALICE collaboration uses the C++ based object oriented
data analysis framework ROOT [72|. Libraries that are specific to the ALICE experiment
are collected and maintained in a derived package known as AliRoot [73]. The code used
for data analysis with a specific physics goal is called an analysis task and is typically im-
plemented as an AliRoot class. Analysis tasks share a common global structure, the most
important parts being a function for the definition of output objects, which are mainly
histograms, and a function that is executed for each analysed event. The task developed
for the analysis of D mesons without topological selection is AliAnalysisTaskCombinHF
and can currently be found in the AliRoot directory PWGHF/vertexingHF. Certain config-
urations like the track selection cuts or the specific method for particle identification can
be inserted as parameters by the user. Thus, it becomes possible to run multiple versions
of the same task with different setups in order to compare different selections. Due to the
rather large data files, the analysis is computationally expensive and the infrastructure of
a world-wide computing grid [74] was used. The average CPU time to process one event
was of the order of 10 ms. With parallelisation, the typical duration for processing the

entire data set of about 380 million events before selection was about six hours.

Analysis tasks operate on preprocessed data sets that contain fully reconstructed events,
providing a convenient interface for the end user. The first step towards these sets after
data taking is the reconstruction of physical objects from raw detector signals. In a
tracking detector, for example, the procedure consists of reconstructing charged particle
tracks by fitting neighbouring clusters of energy loss to curved lines (cf. section .
The reconstructed events containing the reconstructed objects for the different detector
systems are initially stored in a structure called Event Summary Data (ESD). The data
sets can then be processed further into a final format called Analysis Object Data (AOD).
Different filters can be applied in this last processing step from ESDs to AODs, in order

to reduce the large data amount and to provide easier access to the end user.

Once the output of an analysis task is available, a series of ‘post-processing’ steps is
performed, including signal extraction, the calculation of the cross section with the

respective corrections and finally data visualisation.
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Figure 5.1: Distribution of the z position of reconstructed vertices in pp and Pb—Pb
collisions. This figure was taken from [62].

5.3 Data Sets and Event Selection

The analysed data set consists of pp collisions from 2010 at a centre-of-mass energy of
7TeV. The events were collected with a minimum bias trigger, requiring a hit in either
of the two VO counters or in one of the two SPD layers in coincidence with the arrival of
proton bunches. This particular trigger is sensitive to about 87 % of the inelastic pp cross

section [75]. It was verified that the trigger was 100 % efficient for D mesons [11].

The event selection is the same as in the topological analysis [11]. The following event
cuts are applied offline in addition to the online trigger requirement. Background from
interactions of the beam with residual gas in the beam pipe is rejected using the timing
information from VOA and VOC. Events without a reconstructed vertex are discarded.
The reconstructed vertex is required to be located within |z| < 10 cm from the central
interaction point, in order to assure some amount of symmetry in the detector acceptance.
This cut is almost fully efficient for pp collisions, as can be seen in fig. where the
distribution of the z position of reconstructed vertices is shown. Furthermore, events that

contain more than one collision vertex are rejected. This so-called pile-up rejection is
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performed on the basis of vertices reconstructed from SPD tracklets, which are correlated
hit pairs in the two SPD layers. An event is classified as a pile-up event and consequently
rejected if it contains more than one SPD vertex with a minimum number of three
contributing tracklets and a minimum distance of 0.8cm in z direction between the
vertices. A total number of about 280 million selected events is then processed in the

analysis task.

In addition to the number of analysed events, the number of events with a non-
reconstructed vertex in |z| < 10 cm has to be accounted for in the calculation of the cross
section. Under the assumption that the z distribution is the same for events with and
without a reconstructed vertex, the number of events with a non-reconstructed vertex
in |z| < 10cm can be estimated from the number of events with a reconstructed vertex

using

N(w/ vert., |z| < 10cm)

N(w/o vert., |z| < 10cm) = N(w/o vert., |z| < c0) X N(w/ vert..|2] < o)

(5.1)

In this formula, N(...) denotes the number of events with (w/) or without (w/o) a
reconstructed vertex, within the specified z range. The total number of events, Nevents,

considered for the calculation of the DY production cross section is then
Nevents = N (w/ vert., |z| < 10cm) + N(w/o vert., |z| < 10cm) = 327 million.  (5.2)

The first term corresponds to the number of analysed events having passed the selection;
the second term is estimated using eq. (5.1]) above. With the minimum bias cross section,
oM = 62.3mb [75], this number of events corresponds to the following integrated

luminosity for the analysed data sample:

Neven S —
Lint = B —525nb". (5.3)
OMB

5.4 Track Reconstruction and Selection
A track represents the flight path of a charged particle traversing active detector volume.

The procedure of combining single detector signals to global tracks in the course of event

reconstruction is called tracking. Several central barrel detectors of ALICE are involved
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Figure 5.2: Flow chart for the different stages of the tracking procedure. This figure was
taken from [62].

in this process. The outcome of the tracking algorithm is a set of reconstructed tracks for
each event. Afterwards, an analysis can operate on these reconstructed tracks, applying

a certain selection based on parameters that are stored together with each track.

A flow chart of the tracking procedure can be found in fig.[5.2] In a preliminary step, single
detector signals are clustered within each detector. A first estimation of the interaction
vertex position is obtained from SPD tracklets. The tracking procedure then uses track
seeds from adjacent clusters in the outer TPC pad rows pointing towards the estimated
vertex. Starting from each track seed, a track is propagated inwards throughout the
TPC chamber performing a fit based on a Kalman filter approach . During the fitting
procedure, the track parameters are continuously updated, taking into account multiple
scattering and energy loss. If a match is found, the fit is continued through the ITS up
to the estimated primary vertex. In the next step, the track is re-propagated outwards
through the ITS and the TPC. If re-matching with the TPC is achieved, the track is
assigned the label “TPC refit success’. The track is then matched with detectors at larger
radial distance, namely TRD, TOF, EMCAL, PHOS and HMPID (for explanation of the
acronyms see section . Only the matching with TOF is relevant for this analysis. In
the last tracking step, the track is re-propagated inwards starting from the initial track
seed again. If re-matching with I'TS succeeds, the track is assigned the label ‘I'TS refit

success’.

After all the tracks in one event are processed, the primary vertex and possible secondary
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label  description cut value

TS1 no. of crossed rows in the TPC > 170
TS2 no. of crossed rows / no. of findable clusters > 0.8
TS3 no. of clusters in the TPC > 50
TS4 X2 per no. of clusters in the TPC <4

TS5  TPC refit success yes

TS6  ITS refit success yes

TS7  reject kink daughters yes
TS8a DCA to vertex in transverse plane < 24cm
TS8b DCA to vertex in z direction < 3.2cm
TS9  pseudo-rapidity |n| <0.8
TS10 transverse momentum pp > 0.3GeV/c

Table 5.1: Selection cuts for single tracks used in this analysis. The cuts are labelled for
reference in the text.

vertices are recomputed using the full information from the reconstructed tracks. This
results in a better precision on the position of primary and secondary vertices. The
reconstruction of secondary vertices with high precision is not relevant to the analysis
presented here, in contrast to the topological analysis, where it is an essential part of the

analysis strategy.

A quality selection of tracks has to be applied in order to assure sufficient momentum
and dFE/dx resolution and a high reconstruction efficiency. The applied single track cuts
are listed in table The cuts are labelled for referencing in the text. The cuts TS1
to T'S6 are pure quality cuts; TS7 to TS8b partially serve as background rejection; TS9
and TS10 are kinematic cuts. A minimum of 70 crossed pad rows in the TPC (TS1)
out of a possible 159 is required in order to assure a minimum track length. This has
the most direct impact on the momentum resolution. An additional cut on the ratio of
the number of crossed rows in the TPC and the number of findable TPC clusters of 0.8
(TS2) is applied. The number of findable clusters is defined as the maximum number of
clusters that could be assigned to a track with a given geometry provided full efficiency
in the reconstruction. The minimum requirement of 50 clusters in the TPC (TS3), is an
artefact of the AOD-filtering stage of the used data set (cf. section [5.2)). However, TS3
has no effect, since all tracks rejected by TS3 are also rejected by TS1 and TS2.
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Figure 5.3: ITS-TPC matching efficiency in pp collisions with different requirements of
ITS and SPD clusters. The figure was taken from [62].

To ensure good quality of the track reconstruction, a maximum x? per number of TPC
clusters of four is required in the fitting of space points during the reconstruction (TS4).
Tracks are accepted only if the TPC (TS5) and the ITS (TS6) refit succeed. Tracks with
kinks are rejected (TS7) because they typically represent decaying particles. Tracks with
a distance of closest approach (DCA) to the primary vertex outside an ellipsoid centred
around the primary vertex, with half-axes of 2.4 cm in the transverse plane (T'S8a) and
3.2cm in z direction (TS8b), are rejected. The DCA cut is intended to reject secondary
tracks, e.g. from the decay of strange particles, and background from interactions with
the beam pipe. As the cut is rather soft, it has little impact on the total number of

accepted tracks in this analysis.

Finally, kinematic cuts on the pseudo-rapidity of |n| < 0.8 (T'S9) and on the transverse
momentum of py > 0.3 GeV/c (TS10) are applied. The minimum pr cut is necessary to
avoid uncertainties in the Monte Carlo description of the dropping tracking efficiency
at low momenta. Furthermore, the pp cut of 0.3 GeV/c corresponds to the kinematic
acceptance of the TOF detector, as for particles with smaller momenta the track curvature
in the magnetic field is too large. It can be seen in fig. that the low pr cut is essentially
fully efficient for the signal in the D° transverse momentum bin 0 < pr < 1GeV/c.

The track selection differs in one important aspect from the selection applied in the

topological analysis: the requirement of a hit in at least one of the two SPD layers is
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crucial for the topological D-meson analysis to assure high precision in the reconstruction
of the decay topology. This requirement results, however, in a relatively large decrease
of the ITS prolongation efficiency from close to 100 % down to around 85 %, as can be
observed in fig. This decrease is due to cooling problems in the SPD during the pp
data runs from 2010, which lead to a high dead channel rate and thus reduced acceptance.
For this analysis, it is considered fully sufficient to require at least two hits in any of the
ITS layers, which is implicitly contained in the selection cuts TS5 and TS6. For this looser
selection, the ITS prolongation efficiency is close to one. Since two tracks are involved
in the analysis, the absence of the requirement of an SPD hit yields an excess of about
30 % on the number of DY candidates for this analysis as compared to the topological
analysis. It is reasonable to assume that signal and background scale in the same way, as
no topological selection is involved, which would require high-precision pointing of the
track. The increase in statistics is consequently associated with an increase in significance
of about a factor /1.3 = 1.14. This increase in significance is an important benefit for

the signal extraction at low pr.

In addition to the single track selection, a rapidity cut of |y| < 0.8 was applied on DO
candidates constructed by combining track pairs. This corresponds to the maximum
rapidity range for DY mesons that is kinematically accessible due to the selection In] <0.8
on the single tracks (TS9). Apart from the rapidity cut, no further selection was applied

on DY candidates.

5.5 Particle Identification

A powerful tool at hand for the rejection of background is particle identification (PID).
For the identification of kaons and pions, the specific energy loss dF/dz in the TPC and
the time of flight measured with the TOF system are used.

5.5.1 PID Information from TPC and TOF

A charged particle propagating in the active volume in the TPC loses energy via ionisation
of gas atoms (cf. section . The number of generated electrons and ions is proportional
to the specific energy loss per unit of path length, dE/dz, of the ionising particle.

The created charge is collected with the TPC readout panels and transformed into a
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Figure 5.4: TPC dE/dx signal (left) and Lorentz 3 from TOF time-of-flight information
(right) as a function of the reconstructed track momentum p. The displayed
tracks were selected using the cuts listed in table[5.1] The bands for electrons,
pions, kaons, protons and deuterons are distinguishable up to a certain track
momentum, which increases for heavier particles.

dimensionless signal in arbitrary units, which is assigned to each track. No absolute
normalisation is given, as it is sufficient for PID purposes to deal in relative numbers. The
energy loss depends on the momentum and mass of the ionising particle. In combination
with a momentum measurement, the dE/dx signal can thus be used to test a given mass
hypothesis for a particle by comparing with the expected energy loss for the respective
species. The expected energy loss is extracted from data via a fit with a parameterisation
of the Bethe-Bloch formula using 5 free parameters P;, which was first proposed by the
ALEPH experiment :

1) = (=87 = (Pat T ) (5.4)
In the left panel of fig. the measured dE/dx vs. track momentum is plotted for all
tracks selected with the cuts listed in table[5.1] Bands for electrons, pions, kaons, protons
and deuterons can be clearly distinguished up to a certain momentum, where the bands
start to cross and overlap. Kaons start to merge with the pion band at about 0.7 GeV /c,
protons at about 1.3 GeV /c. The largest separation power is given in the low-momentum
region, where the 1/32 term of the Bethe-Bloch formula dominates. This region extends
up to higher momenta for heavier particles. Identification in the relativistic rise is more

challenging, but can still be performed using a statistical separation method. The electron
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band differs in its structure from the other particles, as electrons are already at the Fermi

plateau in the plotted momentum range due to their low mass.

The particle identification with TOF is independent of the identification using the TPC. It
provides complementary information, which is of particular importance in the momentum
region where the TPC dF/dz bands for different particles cross. The TOF particle
identification is based on a velocity measurement to distinguish massive charged particles.
The relativistic velocity 8 can be determined from the track length [ and the measured
time difference At between the TOF arrival time and the start signal from the T0 detector,
using

l
=5 (5.5)

Again with the additional knowledge of the particle momentum p, a relation to the
particle mass m can be established via p = Sym. The momentum dependence of 3 for a

given mass hypothesis is derived by solving this equation for 3:

L - (5.6)

V1+(p/m)?
It becomes apparent in this formula that the mass acts as a scaling factor for the rise
from 8 =0at p=0to S =1 for p — oo, in the sense that light particles approach § =1
already at low momentum. Larger separation power is thus given for heavier particles, as

in the case of particle identification from the TPC.

Thus in analogy to dF/dx particle identification, the TOF particle identification has
larger separation power for heavier particles. The expected behaviour is observed in the
right panel of fig. [5.4] where the measured velocities are plotted for the tracks in the
investigated data sample. Due to the finite timing resolution, values for § slightly above

unity are visible.

5.5.2 PID Strategy

Based on the information from TPC and TOF, kaons and pions are identified using
compatibility cuts on the difference between the measured signal A and the expected
signal <A)£§(/pﬂ for a kaon or pion normalised to the experimental resolution o, where A

represents either dF/dx or time of flight. A dedicated variable is accordingly defined
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Figure 5.5: The PID n, variable for the kaon (top) and pion (bottom) hypothesis in
TPC (left) and TOF (right). The dashed lines indicate the 30 cut used in
the analysis. Contaminations from different species are labelled.

as K
TPC/TOF _ A — <A>ex/1;>7T

nU,K/ﬂ' oA (57)

The TPC information is available for every track used in the analysis. This does not
hold for the TOF information, which can be absent, if the matching of the track from
TPC to TOF fails, for example if the particle is absorbed after traversing the TPC.
If TOF information is missing, the particle is identified using only the TPC with a
cut of nJT¢ < 3 for both kaons and pions. If the TOF information is present, the
requirement nEOF < 3 is applied in addition. The efficiency of this strategy is thus close
to 100 %. PID cuts of this type are also referred to as ‘no cuts’ and the corresponding
strategy as ‘ng’ PID. In fig. ne is plotted for the TPC (left) and the TOF system
(right) with a kaon hypothesis (top) or a pion hypothesis (bottom), respectively. The

upper and lower 30 cut is indicated by the dotted red lines. Daughter particles from
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the decay of a D° with a transverse momentum in 0 < pp < 1 GeV/c populate the
momentum space between about 0.5 GeV/c and 2 GeV /¢, as can be seen in fig. For
this momentum region, the 3o TOF cut is particularly powerful in terms of background
rejection. With the presented strategy, the background at low pr is reduced by about a

factor of four, while retaining more than 99 % of the signal.

Different PID strategies were studied for potential use in the analysis, evaluating important
criteria such as the ability to reject background and the robustness in terms of the
systematic uncertainty of the method. In particular, several tighter n, strategies and a
Bayesian approach were considered, in addition to the presented 3o strategy. However,
an increased S/B ratio that one might get from a more refined strategy is associated with
systematic uncertainties that are typically larger and harder to determine. The basic 3o
approach was chosen due to its close to 100 % efficiency and its robustness. This comes
also with the advantage that the systematic uncertainty of the particle identification can
be inherited from the topological approach, which uses the same strategy, as discussed in
section

5.6 Signal Extraction

The extraction of the D° yield, also referred to as the raw yield, from the invariant mass
spectra is a crucial step in the analysis and the main source of statistical and systematic

uncertainty.

5.6.1 Overview and Preliminary Considerations

The signal extraction is performed separately in ten pr intervals with the bin limits
0-1-2-3-4-5-6-7-8-12-16 GeV /c. The nine pr intervals in 1 < pr < 16 GeV /c are chosen
so as to be identical to those of the topological analysis [11] to simplify a one-to-one
comparison. The pr bin 0 < pp < 1 GeV/c is new in this analysis. The invariant mass

distributions are integrated in the full measured rapidity range |y| < 0.8.

Figure shows the K7 invariant mass distribution for D candidates in the range
0.5 < M(Kr) < 2.5GeV/c? for the two selected pr bins 0 < pr < 1GeV/c and
3 < pr < 4GeV/c. The invariant mass bin width of the two histograms is 2 MeV/c2.
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Figure 5.6: Overview of the structure of the K7 invariant mass distribution for D? can-
didates in the pt intervals 0 < pr < 1GeV/c (left) and 3 < pr < 4GeV/c
(right). In the first py bin, only the K*(892) peak can be distinguished from
the large background by the eye. The D peak apparently vanishes due to
a low signal-to-background ratio of about 1073, For 3 < pr < 4GeV/c, the
K*(1430) peak and the DY peak also become visible.

The observed invariant mass threshold coincides well with the theoretical value of
Min = 0.633 GeV /c?, which is the sum of the kaon and pion mass, as can be seen from
eq. . Starting from this kinematic boundary, the invariant mass distribution rises
up to a maximum and then falls again, where the rise is steeper than the decrease. This

global structure is similar for those transverse momentum intervals not displayed in

fig.

The bin entries of the invariant mass distribution follow a Poisson distribution. The
associated relative uncertainty thus decreases with 1/v/N, where N is the bin content.
The shape of the D° candidate distribution in 0 < pp < 1 GeV/c is therefore rather
smooth due to the large number of candidates per invariant mass bin. A peak is visible
in the structure at M (K7) = 892 MeV /c?, which results from the K*(892) decay to a K
pair. In this lowest pp interval, the D° peak, expected at M (Kr) = 1865 MeV /c?, remains
hidden to the naked eye due to a low signal-to-background (S/B) ratio of about 1073. In
the pr interval 3 < pr < 4GeV /¢, the background scale is decreased by about an order
of magnitude and the D° peak can be identified. In addition, another kaon resonance,
the K*(1430), becomes visible. Statistical fluctuations in the invariant mass distribution

are more pronounced than for 0 < pyr < 1GeV/c due to the lower background.
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The width of the D? peak in the K7 invariant mass distribution is determined by the
resolution of the transverse momentum and the resolution of the angular separation in
¢ of the reconstructed kaon and pion tracks, as can be seen from eq. . For the
DY momenta that are considered in this analysis, the pr resolution of daughter tracks
has the dominant influence on the D? peak width, since the angular difference between
the two daughter tracks is large (cf. fig. . For daughter particles originating from
a low-pp D° decay, the relative pr resolution is about 1%. The Gaussian shape of the
inverse transverse momentum resolution from the track fit propagates to an approximate
Gaussian shape of the peak in the invariant mass distribution. It was verified with a
Monte Carlo (MC) simulation that the deviation of the peak shape from a real Gaussian
is small and can be neglected as compared to the systematic uncertainty of the yield
extraction. The MC framework is the same as that used for the efficiency correction, as
described in section A prediction for the D? peak width can be extracted from this
MC framework. It is about 10 MeV/c? in the lowest pr bin and increases up to about
25MeV/c? in the highest pr bin. The increase towards larger pt of the mother particle
is due to the linear increase of the pr resolution of the daughter tracks. The natural D°
linewidth of 1.6 meV [23] can certainly be neglected in these considerations. The detailed
knowledge of the peak shape serves as a valuable input for the signal extraction, as will
be detailed in section [5.6.3l

The adopted procedure for the yield extraction is to fit the invariant mass distribution
in a certain window around the D° peak. The fit function can be composed of the
sum of a Gaussian function for the signal, as motivated in the last paragraph, and
a parameterisation for the background. The signal is then extracted as the integral
of the signal function. The challenge of this procedure is the fact that the shape of
the background is a priori unknown. In the topological D° analysis, an exponential
function is used to describe the background, which is then substituted by a second-order
polynomial to evaluate the systematic uncertainty. This simple approach performs well
if the signal-to-background ratio is sufficiently large. For the topological analysis, the
S/B values between 0.1 and 1 are relatively large by construction, as the selection on the

decay topology is tuned for large significance and S/B ratio in the data.

The cost of giving up the topological selection in order to extend the measurement down
to zero transverse momentum is a much lower S/B ratio. The lowest pp bins, which are

targeted by this analysis, suffer from a particularly low S/B ratio of the order of 1073
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since the combinatorial background originates mainly from soft pion and kaon production.
A direct fit of the invariant mass distribution in the pr bin 0 < pp < 1 GeV/c with the
sum of a Gaussian and a second-order polynomial or exponential function still converges
with a reasonable result, if the information about the width and position of the D°
peak is provided. Due to the low S/B ratio, however, the fit result is highly sensitive to
the particular choice of the fit function and the fit range and thus unstable. In order
to improve the stability of the signal extraction at low pr, it is therefore necessary to

subtract a background estimate before a fit is performed.

5.6.2 Background Subtraction

The combinatorial background presumably contains a variety of correlated background,
including for example K7 pairs that are part of the final state of hadron decays other
than D — K~ xF. Another contribution comes from correlated hadron pairs from decays
that have been misidentified as Kn pairs. Km pairs from jet fragmentation provide
a further contribution to the correlated background that is particularly important in
pp collisions as compared to Pb—Pb collisions. Due to the many possible correlations
between produced primary or secondary kaons and pions in pp collisions, it is practically

impossible to precisely calculate or simulate the entire background.

The random combinatorial background from uncorrelated kaon and pion production
could still be simulated, based on realistic pr spectra for kaon and pion production. The
practical use of such a simulation for the signal extraction would, however, require many
details, in particular: the tracking efficiencies for kaons and pions; a realistic n and ¢
distribution; the imperfections of the particle identification and event multiplicity and
topology. Most of these parameters would have to be taken from or tuned on data. A more
promising approach is therefore to obtain an estimate of the combinatorial background
in a completely data-driven approach. In this work, the like-sign, track-rotation and
event-mixing techniques were studied. The basic working principle of these methods is to
change a small aspect in the reconstruction of the Kz invariant such that a certain class
of possible correlations between the kaon and the pion is excluded. Each of the methods
thus results in an invariant mass distribution for mainly uncorrelated combinatorial
background. A clear distinction of ‘correlated’ and ‘uncorrelated’ background is difficult

in this context, as initially correlated kaons and pions also enter into these methods.
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In the like-sign (LS) approach, correlations between kaons and pions are destroyed by
combining pairs of equal sign instead of opposite sign. The invariant mass distribution of
the equal-sign pairs, K7 and K~7~, is thus reconstructed, instead of building D° (ﬁ)
candidates from opposite-signed K~ 7t (K™7~) pairs. The two like-sign distributions

are combined by taking two times their geometric mean:

Nlike-sign — o, \/ N(K*at+)  N(K~7-) (5.8)

It was verified that the two distributions for equal-sign pairs are similar. The particular
form of their combination thus has a minor effect on the resulting like-sign distribution.
Apart from this combination using the geometric mean, the like-sign method does not
contain any parameters or particular configurations and is thus the most ‘straightforward’
of the background-subtraction methods. In particular, no further normalisation is

required.

The idea of the track-rotation (TR) method is to decouple the kaons from the pions
by altering their kinematic relations. For this purpose, all kaon tracks in one event
are rotated in the transverse plane by a series of defined angles, leaving 1 and pr
invariant. The rotated kaons are then recombined with the opposite-charged pions from
the event to rebuild an invariant mass distribution without Kz pairs originating from
real DY decays. For this analysis, the kaon tracks are rotated 19 times with angles
A¢ = /10,27 /10,...,197/10. A 19-fold set of statistics, compared to the LS method,
is thus generated and the background shape is determined with negligible statistical

uncertainty.

With the event-mixing (EM) technique, D candidates are built by combining a kaon
and a pion track from two different events. Only events with ‘similar’ properties are
mixed with one another. For this purpose, the events are categorised into pools depending
on the z position of their primary vertex and their multiplicity. The limits for the z
vertex position are in the range —10 < z < 10 cm in steps of 2.5 cm. The multiplicity pool
limits are 0,5, 10, 15, 20, 25, 30, 40, co. Consequently, only events within the same pool
are mixed. By mixing many different events, a large number of background candidates is

generated, similar to the track-rotation method.

In fig. the invariant mass distribution of D? candidates is displayed along with the
LS, TR and EM distributions for all analysed pr bins in the range 0 < pt < 16 GeV /c.

50



&J sk L B '__ T T L B
% : 0<p,<1GeVic ] 45_ 1<p,<2GeVic ;
> 2'_ . 3F E
Te) [ ] b
> 1:_ — D’ candidates 2_ — track rotation
L — like sign IF | — event mixing
c ot R R T T ot [ T . .
w 1 1.5 2 1 1.5 2
X1'06' T T UL B ><1'06' T | L L L B A
[ 2<p,<3GeVic ] 0.3r 3<p, <4 GeVic
1F [
0.2f
0.5) 015_
0 1 15 2 0 1 15 =2
100>—(1'03' L | T T Xlﬁ T LI B
I 4<p.<5GeVic | 3gt 5<p, <6 GeVic
[ 10f
0 1 15 2 0 1 15 R
X1'03' —r T - - T T T x]_'O?' T T T
15f r 1
6 <p,<7GeVic 6:— 7<p,<8GeVlic
10fF 41_
5:— 2:_
0 1 15 2 0 1 15 2
8><1o3 x10°
Fr T L B - T T ]
[ 8<pT< 12 GeVic | 1k 12 <p;< 16 GeV/c ]
6_
alb
[ 0.5}
2F :
oL ol -

M(KT) (GeV/c?)
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The invariant mass bin width is 5 MeV /c?. Since the TR and EM distribution are not
intrinsically normalised as the LS distribution, a certain normalisation has to be enforced.
Here, the TR and EM are normalised such that their integrals in the invariant mass
range 2.0 < M (Kr) < 2.05GeV/c?, just next to the DY peak, match the integral of the

DY candidate distribution in the same invariant mass range.

The LS distribution captures the shape of the DY candidate distribution rather well in
the entire pr range, apart from an offset in higher pr bins, which might be due to the
correlated background not being described by the LS distribution. This so-called residual
background is further quantified at the end of this section. The normalised TR and EM
distributions only represent the D® candidate distribution in the relevant mass window
around the D° peak in the first three pp bins. Going to higher pr bins, the TR and EM
distributions deviate more and more from the D° candidate distribution. In the highest
pr bins, the TR and EM shapes feature a continuous increase in the plotted invariant
mass range, instead of the typical background structure of a steep rise, a maximum and
a decrease. Despite this deviation from the D° candidate distribution, the agreement

between the TR and the EM distributions is evident in the entire pt range.

The deviation of the TR and EM distributions from the candidate and LS distributions
can be understood qualitatively in terms of particular event topologies in pp collisions
that arise due to the high prevalence of jets. Though the TR and EM techniques are
conceptually very different, they have in common the fact that angular correlations
between the decay daughters within the event are destroyed. This means that the TR
and EM distributions only realistically represent the combinatorial background if the
initial distribution of the kaons and pions in (7, ¢) is homogeneous within the event. In
the presence of a jet, this is not the case, as charged particles are rather concentrated in a
small subspace in (7, ¢). A smaller angular distance between the kaon and the pion would
shift the invariant mass to lower values, as can be seen in eq. . This is consistent
with what can be observed in fig. In contrast to the TR and EM distributions, the
LS background preserves potential angular correlations between charged particles within
one event under the assumption of equally distributed positive and negative kaons and

pions.

The consistency of the above considerations was qualitatively checked with the following

simple simulation of the combinatorial background. A large number of kaons and pions
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with ¢ € [0,27], n € [-0.8,0.8] and pr > 0.3GeV/c were generated. These 1 and pr
ranges correspond to the kinematic selection applied for the data (T'S9, TS10 in table .
The kaon and pion three-momenta were drawn randomly from a uniform 7 distribution,
a uniform ¢ distribution and from parameterised pr spectra of measured pion and kaon
production. The invariant mass distribution of these generated Kz pairs corresponds to
the combinatorial background in an ideal environment, where all of the kaons and pions
are homogeneously distributed in (7, ¢). In this configuration, the simulation reflects
the general features of the TR and EM distributions, such as the two kinks observed in
the rising shape in higher pt bins. A restriction of the generated kaons and pions to
angles ¢ € [0, 7/4] results in a simulated invariant mass distribution that is close to the

LS distribution.

In summary, it can be stated that the LS distribution seems to provide the most suitable
background description for the D® — K~ 7t invariant mass analysis in pp collisions.
For this work, the like-sign background subtraction is consequently used for the signal
extraction in the following. For p—Pb and Pb—Pb collisions, the situation might be different

as the distribution of tracks within the events is more homogeneous in (7, ¢).

As pointed out above, the like-sign distribution description of the combinatorial back-
ground is not perfect. A certain fraction of residual background remains after like-sign
subtraction, which might be due to correlations between kaons and pions as discussed in
the beginning of this section. Figure shows the S/B ratio before and after subtraction
(left) and the fraction of background that remains after subtraction (right). The values
for the signal .S are obtained as described in section [5.6.3] The values for the background
B are obtained counting bin entries of the invariant mass distribution around the D®
peak and then subtracting the signal. The used range for the bin counting is pnmc £ 3omc,
where punc and oy are the position and width of the mass peak, obtained from Monte
Carlo simulations. In the lowest pr bin the S/B ratio improves from 10~3 before to 107!
after like-sign subtraction. The residual background is thus about 1% of the original
background and the like-sign distribution accordingly accounts for 99 % of the background.
Going to higher pr bins, the residual background fraction continuously increases up to
about 20 %. Interestingly, the S/B ratio after background subtraction is roughly constant

at a value of about 10! in the full p range.
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Figure 5.8: Signal to background ratio before and after like-sign subtraction (left) and
the remaining residual background in percent (right).

5.6.3 Fitting Procedure

Figurepresents the D candidate invariant mass distribution after like-sign subtraction
in the different pr intervals. A D° peak is now visible by the eye even in the lowest pr
bin. The invariant mass distribution is fitted individually for each pt bin, using the
sum of a function for the signal and a function for the background: f = fg + fp. For
figs. and a second-order polynomial is chosen for the background description. An
exponential function is considered to be equally suitable and is therefore also considered
in the determination of the final raw yields, as described in section For the signal

a Gaussian function is used, as motivated in section [5.6.1

2
fo= \/%0 exp (_ (M(K;;)g_ 1) ) (5.9)
The D? signal and its statistical uncertainty can be taken directly from the value and the
uncertainty of the fit parameter S, which corresponds to the integral of fg. Figure [5.10
shows the peak position u and width ¢ compared to values obtained from a Monte Carlo
analysis. The values from data and MC are consistent within the statistical uncertainties.
However, the rather large statistical fluctuations in the peak width have a large impact
on the result of the signal extraction. To stabilise the trend of a peak width that
increases with pr, the width is fixed to the MC values for the extraction of the final raw

yields.

The fits of the invariant mass distributions are based on y? minimisation, assuming
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Figure 5.9: Invariant mass distribution after like-sign subtraction for all analysed prt
intervals. The distributions are fitted with the sum of a Gaussian function
for the signal and a second-order polynomial for the background (red curve).
For each pr bin, the width of the Gaussian is fixed with the value obtained
from Monte Carlo, pyc. The numerical values of uyc are indicated on the
plots, along with those of the peak positions u, which are treated as a free
parameter in the fits.
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Figure 5.10: Comparison between data and Monte Carlo of the position y and the width
o of the DY peak.

Gaussian uncertainties on the bin entries. This assumption is justified as the statistics of
the bin entries is large, even for the higher pt bins. The invariant mass bin widths are
7,8,9,10,12,13,14,15,16,18 MeV /c? for the different pr bins. This particular binning
is chosen such that the bin width corresponds to about 0.7oyic in the respective pt bin.
The fit range has to be chosen such that it contains the mass peak and reasonably large
side-bands. As the actual form of the background is unknown, it is favourable to choose
as small a range as possible. There is no interest in describing the background far from
the mass peak. Decreasing the fit range too much, on the other hand, causes the fit to
become more sensitive to background fluctuations. For figs. and [5.10} the invariant
mass is fitted in a range that corresponds to 10oyc. For each pr bin in fig. the

plotted range corresponds to the fit range.

5.6.4 Randomised Multi-Trial Approach

To determine the central value for the DU signal and the associated statistical and
systematic uncertainties, the following method was developed. The fit is performed
one thousand times in each pt bin, with a different parameter set for each trial. The
parameters for each fit are drawn randomly from a pre-defined distribution. The fit
function for the background is randomly chosen as either a second-order polynomial
or an exponential function. The binning of the invariant mass distributions is drawn
from a uniform distribution in the range of +£20% around the central values defined

in section p.6.3] The values are rounded to the nearest integer. The lower value of
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Figure 5.11: Distribution of the extracted raw yield, using the multi-trial approach with
one thousand random parameter configurations, as described in the text.

the fit range is drawn from a uniform distribution in the range umc — 120mc up to
umc — 8omc; the upper value of the fit range is drawn from a uniform distribution in the
range unc + 8onvc up to pnvc + 120vc. Asymmetric fit ranges are thus also accepted.
The peak parameter ¢ is varied using a Gaussian distribution around opc with a width
of 20 %.

In fig. the resulting D? yields from one thousand trials are plotted in a histograms
for each pr bin. The final D° raw yields are taken as the mean of these distributions. The
systematic uncertainty is taken as the standard deviation. The statistical uncertainty is
taken from the mean of the resulting statistical uncertainties from all trials. The final
raw values are listed in table in section [5.9] along with the extracted statistical and

systematic uncertainties.

5.7 Efficiency Correction

The raw D° yield must be corrected by the efficiency of the reconstruction and the
selection. The corrected yield, N¢ory, is obtained by dividing the raw yield, Nyayw, by the

efficiency correction, cqxe:
Neorr = Nraw/CaXe (510)
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The efficiency correction is a number between zero and one. It can be viewed as the
probability for a DY that is created in the collision to be actually reconstructed in the
detector and selected in the analysis. In this analysis, the efficiency correction is factorised
into a purely geometric acceptance and a reconstruction and selection efficiency. A D°
decay daughter is called ‘accepted’ if it survives the kinematic cuts (TS9 and TS10 in
table . The term ‘acceptance’ can then be defined as the probability for a kinematic
configuration such that both decay daughters are accepted. The ‘reconstruction and
selection efficiency’ then refers to the probability that a D° with two accepted decay
daughters is actually reconstructed and selected in the analysis. The efficiency correction
can be determined to a certain precision in a simulation with high statistics using ratios

of total numbers of D? mesons:

1 2
_ Ngen, acc N, reco 511
CC!><€ - Nl X N2 ( N )
gen gen, acc

Here, Ngen and Nyeco refer to the number of generated and reconstructed D° mesons
in a certain region of phase space and Ngen, acc denotes the number of generated DO
mesons the daughters of which are accepted. The indices 1 and 2 indicate that different
frameworks are used for the two factors of the efficiency correction. The acceptance
is a purely kinematic quantity and can as such be simulated using simple four-vector
kinematics. In this thesis, the toy MC, described in section is used for this purpose.
The results were checked with those from the Monte Carlo simulation described below
and were found to agree within the statistical uncertainty of the MC simulation. The
advantage of the toy MC is a higher precision due to the much larger number of generated
D mesons. Furthermore, the simulation provides a cross check for the more complicated
MC framework.

In contrast to the case of the kinematic acceptance, a full detector description is needed
to determine the reconstruction and selection efficiency. Events are simulated using
PYTHIA [70,/71]. The generated particles are then propagated through the detector
using the GEANT3 package |78]. The same analysis task is run on MC as in real data in
order to ensure that the same cuts and PID are applied. A charm enriched MC sample

is used in order to enhance statistics.

Figure [5.12] shows the acceptance, the reconstruction and selection efficiency and the

total correction factor. The efficiency rises from about 0.2 at low pt to about 0.65 at
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Figure 5.12: Acceptance and efficiency for the selections specified in previous chapters.

high pr, where the shape is mainly dominated by the shape of the acceptance. Towards
zero pr, the efficiency flattens off at a relatively high value of 0.2, in contrast to the

topological analysis, where the efficiency drastically drops to zero.

5.8 Feed-Down Correction

The raw DU yields are contaminated with a certain fraction of D mesons from B meson
decays of the form
B—-D’+X, (5.12)

where B is any type of B meson and X is any other combination of particles. This
contribution to the DY yield is denoted feed-down. The feed-down contribution from
the A}, baryon is negligible due to the low branching ratio of A, — D? + X of about
6 x 10~4 [23[[79].

In order to quote a cross section for prompt D° production, the feed-down from B
mesons must be subtracted. For this purpose, the prompt fraction, fprompt, is defined
as the ratio of the number of prompt D’ mesons, Nprompt, over the measured raw yield,

Niaw, including the contribution from feed-down, Nfeed-down, Il & given region of phase
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Figure 5.13: The fraction of prompt D° production over the total D° production. The
feed-down component of the raw yield is determined using FONLL calcula-
tions with the full theoretical uncertainty included.

space:
o N, prompt 1 Nreed-down 1
fprompt - N — 1= 7]\7 . (5. 3)
raw raw
The prompt fraction enters into the cross section as a correction factor between zero and
one, where a value of one signifies no contamination from feed-down and a value of zero

signifies full contamination.

As no direct mid-rapidity measurement of the bb cross section at low momentum for
pp collisions at /s = 7TeV is available, FONLL predictions [17] are used to determine

N; feed-down -

dopory
Nteed-down = 2 - 2Y - APT “Caxe B Ling - —————— (514)

d
P iy<os

This formula is obtained by taking eq. (5.15)) and substituting Nyaw by Nfeed-down and the
DY cross section by the FONLL cross section for DY from B; and solving for Nieed-down-

The involved symbols are explained in section [5.9

Figure presents the prompt fraction in the full analysed pt range. The horizontal
lines indicate the pt bin width and the boxes the systematic uncertainty. The prompt

fraction decreases from about 0.96 in the lowest pt bin to around 0.9 for higher pt bins.
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The decrease is explained by the fact that the B meson pr spectra are harder than the D°
spectrum, meaning they are shifted towards higher transverse momenta. The fluctuations

in the prompt fraction are due to the fluctuations in the raw yield, which is involved in
the definition of fprompt in eq. (5.13)).

A distinct advantage as compared to the topological analysis are the equal efficiencies for
prompt and feed-down D° mesons. In the topological analysis, the feed-down efficiency
is considerably higher than the prompt efficiency due to the longer lifetimes of B mesons
in comparison to D® mesons. The feed-down is consequently enhanced by the topological
selection and the prompt fraction resides in a lower range between about 0.8 and 0.9.
A higher feed-down efficiency as compared to the prompt efficiency translates linearly
into a higher uncertainties of the prompt fraction. In the lowest pt bin of the topological
analysis, pp 1 < pp < 2GeV /¢, the efficiencies differ by a factor of three. With the new
analysis approach presented in this thesis, the uncertainty is thus decreased by a factor

of three at low pr.

5.9 Calculation of the Cross Section

With the output from the different analysis steps described in the previous sections, the
pr-differential D° production cross section at central rapidity, |y| < 0.5, is calculated

using the following formula:

dO'DO 1 1 fprompt i Nraw ( ) 1

=35 pr :
der ly|<0.5 22Y Apr(pr) Caxe yl<v B Lint

(5.15)

The factor of one half accounts for the fact that, according to an ALICE convention,
the cross section is quoted for particles only, whereas the raw yield contains both D°
and DO, making the assumption of equal yields for particles and antiparticles at the high
LHC energies. The transverse momentum bin width is denoted by Apt. Following a
convention of ALICE results for D-meson production, the cross section is given in the
rapidity interval |y| < 0.5. It must therefore be scaled down by the measured rapidity
window 2Y, where Y = 0.8 is the rapidity cut applied on D? candidates in the analysis
(cf. section . The simple rapidity scaling is justified since the rapidity distribution of
DY mesons in pp collisions at Vs = 7TeV is considered flat within 1% (cf. section .
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pr bin (GeV/c)

Nyaw T stat. + syst.

Caxe T stat. £ syst.

fprompt + SySt'

0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-12
12-16

16060 = 5102 £ 1588
27044 £ 5648 £ 4804
19294 + 3840 £+ 1995
13917 + 2244 + 2023
5906 £ 1298 £ 771
4418 £ 785 £ 599
2250 £ 508 £ 451
1502 £ 356 + 291
1629 £ 374 £ 302
599 + 160 + 154

0.212 £ 0.001 £ 0.020
0.226 £ 0.001 £+ 0.021
0.279 + 0.001 £ 0.024
0.361 £ 0.001 £ 0.031
0.431 £ 0.002 £ 0.037
0.487 £ 0.002 £ 0.042
0.529 £ 0.003 £ 0.045
0.560 £ 0.003 £ 0.048
0.608 £ 0.002 £ 0.052
0.665 £ 0.004 £ 0.057

0.963 £ 0.018
0.961 £ 0.019
0.953 £ 0.022
0.952 £ 0.022
0.926 £ 0.032
0.936 £ 0.026
0.920 £ 0.031
0.922 £ 0.030
0.880 £ 0.040
0.913 £ 0.026

Table 5.2: The collected input for the calculation of the cross section. The raw yield,
Nraw, the efficiency correction, coxe, and the prompt fraction, fprompt, are
listed for all analysed pt bins with the respective uncertainties. For the sys-
tematic uncertainty of the efficiency correction, the tracking and PID uncer-

tainties (cf. section [6.2)) were combined in quadrature.

The raw yield, Nyaw, is corrected by the prompt fraction, fprompt, and the efficiency
correction, coxe. The values and uncertainties for Niaw, Caxe and fprompt are given in
table for all analysed pt bins. The yield is further divided by the integrated luminosity,
Lint = 5.25nb™ !, and the combined branching ratio, B = 3.89 %, for the analysed decays

DY - K~7F and D* — K7~ (cf. section .
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chapter 6

UNCERTAINTIES

This chapter presents an exhaustive summary of the considered statistical and systematic
uncertainties on the D° production cross section. For practical reasons, most of the
contributions to the statistical and systematic uncertainties were already described in the
previous chapter. For these cases, a short summary is given and the respective section is

referenced.

6.1 Statistical Uncertainties

The following sources of statistical uncertainty for the DY production cross section were

considered. The corresponding quantity from eq. (5.15]) is given in parentheses.

e signal extraction (Nyay)

e efficiency correction (cqxe)

The statistical uncertainties on the extracted raw yields were determined from the invariant

mass fits, using the randomised multi-trial approach described in section

The statistical uncertainty in the efficiency correction is due to the limited available
statistics in the Monte Carlo sample that was used to determine the reconstruction
and selection efficiency (cf. section [5.7). It was determined by propagating the bi-
nomial uncertainties in the ratio of the reconstructed to the generated D” mesons in
eq. (b.11)).
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pr(GeV/c) 0-1 12 23 34 45 56 67 78 812 12-16

signal extraction 31.8 209 19.9 16.1 220 17.8 22.6 23.7 229 26.6
efficiency correction 03 03 03 03 04 04 05 06 04 0.6

overall 31.8 209 199 16.1 220 178 226 23.7 23.0 26.6

Table 6.1: Summary of the statistical uncertainties of the D° production cross section in
percent.

The overall statistical uncertainty of the DY production cross section was obtained by
summing the two contributions in quadrature. The resulting values are given in table
along with those of the single contributions. The statistical uncertainty of the efficiency

correction is completely negligible for all of the analysed pr bins.

6.2 Systematic Uncertainties

The following sources of systematic uncertainty on the D® production cross section were

studied. The corresponding quantity from eq. (5.15) is given in parentheses.

e signal extraction (Nyaw)

e efficiency correction (cqoxe):
— track reconstruction and selection
— particle identification

— MC input pr shape

feed-down from B ( fprompt)

branching ratio (B)

integrated luminosity (Lint)

The systematic uncertainty related to the signal extraction was evaluated varying

the relevant fit parameters in a randomised multi-trial approach, as described in sec-

tion [£.6.41

For the systematic uncertainty of the efficiency correction, the following three sources
were considered: the track reconstruction and selection; the particle identification; and
the initially unknown D® meson pr spectrum that has to be provided as an input to the
MC simulations. The systematic uncertainty related to the track reconstruction, also

referred to as the tracking uncertainty, is inherited from the topological analysis, where
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almost the same track selection was used [11]. The only significant difference between
the selections is the absence of the SPD requirement in this analysis, as highlighted in
section It is reasonable to assume that not using this rather stringent cut decreases
the uncertainty, as the tracking efficiency in MC is then less dependent on the correct
representation of the SPD acceptance. The uncertainty inherited from the topological
analysis can thus rather be seen as an upper limit for this analysis. In [11], the tracking
uncertainty was determined by varying chosen track selection cuts and evaluatating
the variation in the cut selection efficiency. The maximum deviation of the resulting
cut selection efficiency for the alternative selection from the standard cut set was then
quoted as the uncertainty of the tracking. The resulting value is 4% per track. As
the uncertainties are assumed to be fully correlated between the two tracks used in
the analysis, a pp-independent uncertainty of 8% is therefore assigned for the tracking

efficiency.

The uncertainty of the PID efficiency is also taken from the standard topological approach,
where the same PID strategy was used. As the PID selection is performed on a single-
track basis, its uncertainty should not be influenced by the topological selection, which is
applied to the track pair afterwards. The uncertainty was estimated in [11] by comparing
the corrected yields for a selection with and without PID. Such an approach is principally

not feasible in this analysis, as signal extraction is not possible without PID.

In the determination of the efficiency correction, as described in section a prediction
of the D° transverse momentum spectrum must be provided as an input for the MC
simulations. To evaluate the effect of the specific choice of pt shape, the acceptance was
simulated using a flat pr distribution instead of the FONLL pr spectrum. The resulting
values for the acceptance differed on a sub-percent level in all pp bins. The effect can be
assumed not to be much larger when the total efficiency correction instead of only the
acceptance is studied, since the reconstruction and selection efficiency is much flatter
in pp than the acceptance (cf. fig. . The uncertainty of the input MC pr shape is

therefore neglected.

The systematic uncertainty of the fraction of prompt DY mesons is determined by a

full propagation of the theoretical uncertainty of the FONLL B meson production cross
section that is used in eq. ((5.14)).
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pr(GeV/c) 01 12 23 34 45 56 67 78 812 12-16
signal extraction 9.9 17.8 103 14.5 13.0 13.6 20.1 194 185 25.6

tracking 80 80 80 80 &80 80 &80 &80 80 80
PID 50 50 30 30 30 30 30 30 30 30
feed-down 19 20 23 23 34 28 34 32 46 29
overall 13.8 20.2 136 17.0 16.0 16.3 22.1 214 209 272

Table 6.2: Summary of the systematic uncertainties on the D production cross section.

The relative uncertainty of the branching ratio is 1.3 % [23] and the relative uncertainty
of the integrated luminosity 3.5 % [75]. The uncertainties of the branching ratio and of
the integrated luminosity are global uncertainties that are fully correlated between the

pr bins. They are therefore treated separately.

The signal extraction, tracking, PID and feed-down uncertainties are possibly partially
correlated between the pr bins, but are assumed to be uncorrelated with each other.
They are thus summed in quadrature to obtain the overall systematic uncertainty for
each pt bin. The systematic uncertainties are summarised in table The overall
uncertainties range from about 14 % to 28 %. The signal extraction uncertainty is the

dominant contribution in all pt bins.
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chapter 7

RESULTS

In this chapter, the results for DY production in pp collisions obtained in this thesis are
discussed. The pp-differential cross section is shown and compared with the results from
the topological approach. In the second part of the chapter, the pp-integrated cross

section is presented and compared with different measurements.

7.1 D" Production Cross Section

Figure presents the DY production cross section for pp collisions at /s = 7TeV.,
The new values obtained in this work without topological selection (blue) are plotted
along with those from the topological analysis (orange) [11]. The lower panel shows the
ratio of the two measurements for pr > 1 GeV/c. The horizontal bars indicate the pp
bin width. The vertical bars represent the overall statistical uncertainty and the open
boxes the overall systematic uncertainty. The fully correlated systematic uncertainties
are not included in the plot, following the convention of ALICE publications of D
meson production [11H13]. The shaded yellow boxes represent the uncertainty band of
the FONLL theory prediction for D° production [56], which are shown for comparison
with the measurements. The values of the plotted cross sections from both analyses
are given in table [7.I] along with the absolute and relative statistical and systematic

uncertainties.

The new data point for pp < 1 GeV /e closes the gap towards zero transverse momentum.

It conforms well into the trend observed for pr > 1GeV /¢, lying in the upper part of
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Figure 7.1: Transverse momentum dependence of the D production cross section at
mid-rapidity in pp collisions at /s = 7TeV. The values from the topological
analysis [11] are plotted for comparison along with the FONLL theoreti-
cal prediction [56]. The overall statistical uncertainties are represented by
vertical lines, the systematic uncertainties by open boxes. The global uncer-
tainties of the luminosity and the branching ratio not included in the overall
systematic uncertainty. The horizontal lines indicate the pt bin width.
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pr interval = do/dpr|j, <05 T stat. £ syst. (n1b/GeV/c)

(GeV/c) this analysis topological analysis

0-1 112 + 36 (32%) + 15 (14%) -

1-2 177 + 37 (21%) + 36 (20%) 180 + 30 (17%) 2% EEZZ;

23 101 + 20 (20%) + 14 (14%) 115 4+ 11 (10%) "2 é;?;

3-4 56.3 £ 9.1 (16%) % 9.6 (17%) 59.7 +4.3 (7%)*?2561(§?%
45 19.5 + 4.3 (22%) + 3.1 (16%) 29.1+2.1 (7%) " 42 Egggg
5-6 13.0 £ 2.3 (18%) = 2.1 (16%) 125+1.1 (9%)*52(1‘8‘2)
6-7 6.00 £ 1.36 (23%) + 1.32 (22%) 6.37 +0.70 (11%) gggﬁ?g
7-8 3.79+0.90 (24%) £ 0.81 (21%)  3.07£0.47 (15%) 0o E}‘;Z;
8-12 0.90 & 0.21 (23%) + 0.19 (21%) 1.23 4 0.13 (11%) 7031 (1ogg)
12-16 0.316 = 0.084 (27%) £ 0.086 (27%)  0.215 =+ 0.050 (23%) " 57 (1750

0.038 (18%)

Table 7.1: D° production cross section in pp collisions at Vs = 7TeV, as obtained with
this analysis (left) and with the topological analysis [11] (right). The relative
statistical and systematic uncertainties are given in parentheses.

the FONLL uncertainty range. The new measurement is consistent with the topological
measurement within their respective total uncertainties. In this context, it is important
to notice that the measurements can be regarded as only partially correlated, as the
raw D? yields in this analysis are larger by about a factor of ten at low pr and a factor
of five at high pr, thus resulting only in a small overlap between the analyses. The
systematic difference of 0.5 % due to the different branching ratios in use (cf. section is
evidently negligible. The mean relative deviation of the two measurements of about 18 %
compares well with the order of magnitude of the statistical and systematic uncertainties.
In summary, this also provides an excellent verification of the topological D-meson

measurements with ALICE.

For the new analysis, the statistical uncertainty is larger in all pp bins by up to about a
factor of two, whereas the systematic uncertainty is significantly lower for pr < 3GeV/c
and of comparable size up to pr < 6 GeV/c. This corresponds to the behaviour expected
‘by design’ of the two methods. The topological approach is clearly limited by the
systematics of the topological selection, the feed-down and the signal extraction. The
new approach is limited by the statistical uncertainty, which becomes particularly clear

in the new pr bin 0 < pr < 1GeV/c, where the statistical uncertainty is more than
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twice the size of the systematic uncertainty. In terms of the overall combined statistical
and systematic uncertainty, the presented analysis is superior to the topological analysis
up to pr = 2GeV/c for the upper uncertainty and up to pr = 3GeV/c for the lower

uncertainty.

7.2 Total Charm Production Cross Section

With the measurement presented in this thesis, it is possible to quote the pr-integrated
charm production cross section at mid-rapidity without extrapolation to low transverse
momentum. For this purpose, the DY cross section is integrated in the measured
momentum range. The cross section values from the analysed pr bins are added together,
propagating the uncorrelated statistical (stat.) and systematic (syst.) uncertainties,
as well as the correlated uncertainties of luminosity (lum.) and branching ratio (B)
accordingly. The contribution to the pr-integrated DY production cross section from the
pr range above the measured limit of 16 GeV /¢ can be safely neglected (cf. section .
The resulting pr-integrated D production cross section at mid-rapidity, ly| < 0.5,
is:

doR? /dy = 489 & 56 (stat.) & 43 (syst.) = 17 (lum.) = 6(B) ub . (7.1)

The corresponding published result from the topological analysis [11] includes a rather
large additional uncertainty from the extrapolation to zero transverse momentum (extr.).

The reported result is:
DO _ +69 +120
dopyp /dy = 516 + 41 (stat.) Tyzs (syst.) £18 (lum.) = 7(B) 737" (extr.) ub.  (7.2)

Adding up the single types of uncertainties in quadrature, the results with their overall

uncertainties are:

dagﬁs/dy 489 + 73 (overall) ub, (7.3)
do?ﬁbl_/dy = 516 713 (overall) ub . (7.4)

The results from the two different measurements are perfectly consistent. Without the
topological analysis, the overall relative uncertainty is considerably reduced from +28 %

and —36 % down to +15%.
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The pr-integrated charm production cross section at mid-rapidity can be derived by
dividing the DY result by the fragmentation fraction of charm to D°, f(c — DY) =
0.557 4 0.023 (cf. section [2.3). The uncertainty of this fraction has to be added as an
additional source of uncertainty on the cross section (FF). The resulting charm cross

section at mid-rapidity is:

dafﬁis/dy =879 + 101 (stat.) 4 76 (syst.) + 31 (lum.) £ 11 (B) + 36 (FF) ub
=879 + 135 (overall) b . (7.5)

The pr-integrated result is further extrapolated to the full phase space. For this purpose,
the same extrapolation method as in [12] is applied. An extrapolation factor of 8.561%2%
is obtained as the ratio of the FONLL prediction for D° production in the full phase
space to the prediction for the measured central rapidity region. The uncertainty of
the extrapolation factor is determined by varying the renormalisation and factorisation
scale parameters, the charm quark mass and the PDFs as described in section The

resulting total charm cross section for the measurement presented in this thesis is:

ot =7.5 4 0.9 (stat.) & 0.7 (syst.) & 0.3 (lum.) £ 0.1 (B) + 0.3 (FF) 722 (extr.) mb
=7.5 723 (overall) mb . (7.6)

In fig. and table the measurement is compared with the ALICE result using
the topological approach [12] and results from the LHCb [69] and ATLAS [80,81]
collaborations. The total charm cross section was determined measuring the production
of charmed hadrons in different pr and y (1) ranges, as indicated in table For
the results involving more than one species, the charm cross section is quoted as the
average of the measurements. The LHCb measurement in the visible cross section was
extrapolated using the extrapolation factor from [42]. When considering the result of
this thesis, the overall uncertainties of the total charm production cross section measured
with ALICE are halved as compared to the topological analysis The data point moves
down, yielding a better consistency with the results of LHCb and ATLAS.

The energy dependence of the total nucleon-nucleon charm cross section is shown in fig.
Data points from various experiments are plotted [12,20,/69,/80-83]. The measurements
of the charm cross section conform well to the trend of a next-to-leading order (NLO)

calculation [84] over a wide energy range.

71



—i-
i

I | | I
this thesis ALICE LHCb ATLAS

Figure 7.2: LHC measurements of the total charm production cross section in pp col-
lisions at /s = 7TeV. The result from this thesis compares well with the
ALICE measurement using topological selection [12], as well as with results
from LHCb [69] and ATLAS [80,81].

measured species pT range y/ n range o (mb)
this thesis DO 0 <pr < 16GeV/c lyl <08 7.52%733
ALICE DY, DT, D*t 1 < pr <16(24) GeV/c |y| < 0.8 8.515%
LHCb DY, D, D, D, AY 0 < pr <8GeV/c 2<y<45 T7.01=+0.66
ATLAS D, D*f, Df pr > 3.5 In| < 2.1 7137508

Table 7.2: LHC measurements of the total charm production cross section in pp collisions
at /s = 7TeV. The result from this thesis is given along with the results
from the ALICE measurement using topological selection [12], and results
from LHCb [69] and ATLAS [80,81]. The measured D meson species, the pr
and the y or n range are also indicated.
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Figure 7.3: Total charm cross section in nucleon-nucleon collisions as a function of the
centre-of-mass energy. The result obtained in this thesis is shown along with
data points from various experiments [12,20,/69,80-83]. For measurements
using proton-nucleus (pA) collisions, the cross section was scaled down by
the number of binary collisions. The four LHC data points at /s = 7TeV
are horizontally displaced with respect to each other for better visibility. The
next-to-leading order MNR calculation is shown [84] with the solid (dashed)
black line(s) indicating the central value and the uncertainty band. This
figure is adapted from [12].
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chapter 8

SUMMARY AND OUTLOOK

The cross section of prompt D° production at mid-rapidity in proton-proton collisions was
measured down to zero transverse momentum for the first time at the LHC, providing an
important baseline for the study of the low-momentum phenomenology of heavy quarks
in the quark-gluon plasma as well as for the investigation of charmonium production
in heavy-ion collisions. The full kinematic reconstruction of D mesons at low pr is
particularly challenging as a topological approach can not be adopted due to the small
Lorentz boost of a low-momentum D meson. An alternative analysis strategy was thus
developed in this thesis to extend the measurement of D° production down to zero

transverse momentum.

D mesons were reconstructed with an invariant mass analysis in the D — K~z decay
channel using a data sample of pp collisions at /s = 7 TeV with an integrated luminosity
Lint = 5.25nb™ !, collected with a minimum-bias trigger in 2010. Particle identification in
the TPC and TOF detectors was exploited in order to improve the signal-to-background
ratio. Large parts of the combinatorial background could then be subtracted using the

like-sign technique.

The prp-differential cross section for prompt D° production was found to be consistent
with the topological analysis in the overlapping pr region. The new data point for
pr < 1GeV/c lies in the upper range of the FONLL prediction, supporting the trend
observed in the higher pr intervals. It is intrinsic to the different methods that the
topological analysis is rather limited by the systematic uncertainty, whereas the new

analysis is limited in the statistical uncertainty. Combining the statistical and systematic
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uncertainties in quadrature, the results from the analysis presented in this thesis are more
precise than those of the topological measurement for pr < 3GeV/c (pr < 2GeV/c) in
terms of the lower (upper) uncertainty. For pr < 1GeV/c it is obviously superior, as no

data is available for the topological analysis.

Based on the presented D? measurement, the pr-integrated charm production cross
section at mid-rapidity can be given without extrapolation. The cross section and
its overall uncertainty were determined to be do®/dy = (879 4 135) pb. The relative
overall uncertainty of 15 % signifies an increase in precision by about a factor of two,
as compared to the previous measurement [12]. Models of charmonium production in
heavy-ion collisions [18,[19], for which do®/dy is an important input parameter, will
benefit greatly from this increase in precision. The pp-integrated charm cross section
at mid-rapidity was extrapolated to the full phase space and compared to other LHC

experiments, where good agreement was found.

An analysis using the same strategy as in this thesis is currently being performed in the
p—PDb collision system. A comparison of the pp and the p—Pb measurements down to zero
transverse momentum will thus soon become possible, providing important information
to disentangle experimental observations in Pb—Pb collisions that are due to the hot and
dense matter from those arising from initial-state effects. Meanwhile, the measurement
of D mesons in Pb—Pb collisions without topological selection is probably not feasible
using the currently available data sets due to the large background. With the tenfold
statistics expected for the LHC Run II starting in 2015, the measurement of D mesons

at low pt in Pb—Pb collisions without topological selection may become possible.

In the long term, the logical follow-up of D-meson measurements would be the direct
kinematic reconstruction of B mesons. Currently, this is foreseen as part of the ALICE
physics programme for Run III, scheduled for 2020. With the upgrade of the Inner
Tracking System [85], a significantly improved precision of the vertex separation is
expected. The topological selection might thus be extended to much lower pr values
than are currently possible. In the meantime, it would be worth attempting a direct
reconstruction of B mesons in the upcoming Run II, both with the topological approach
and with the alternative approach presented in this thesis. The direct measurement of
low-momentum B meson production at mid-rapidity would signify a major leap forward

in the study of heavy-quark production in the Quark-Gluon Plasma.
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