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Abstract

Within this thesis a program was developed in object-oriented C++, that extra-
polates the visible cross sections of D mesons measured in the ALICE experiment
to the full phase space, using results from the pQCD framework FONLL for cal-
culation of the extrapolation factors. From the total D meson production cross
section the total charm quark production cross section is determined. Moreover,
P,, the fraction of cd mesons produced in vector state is calculated. Comparison
was made to existing results from an older, outdated code. Central values were
correctly reproduced. However, diffrences in the assigned uncertainties were traced
to faulty error propagation in the old code.

Kurzdarstellung

Thema dieser Arbeit war die Entwicklung eines Computerprogramms, welches
die im ALICE Experiment gemessenen sichtbaren Wirkungsquerschnitte von D
Mesonen auf den ganzen kinematischen Phasenraum extrapoliert. Die Extrap-
olationsfaktoren werden dabei mithilfe von Ergebnissen des pQCD frameworks
FONLL berechnet. Aus dem totalen D Meson Produktionswirkungsquerschnitt
wird der totale Charm Quark Produktionswirkungsquerschnitt berechnet. Aufler-
dem wird Py, der Anteil von cd Mesonen, die in einem Verktorzustand produziert
werden, berechnet. Die Ergebnisse wurden mit denen eines Vorgangerrogramms
verglichen. Dabei stellte sich heraus, dass die Berechung mehrerer Unsicherheiten
in dem Vorgéngerprogramm fehlerhaft implementiert ist.
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1 INTRODUCTION

1 Introduction

The measurement of charm quark production cross sections in proton-proton colli-
sions constitutes a fundamental test of calculations in pertubative QCD. Amongst
others, such measurements are performed in the ALICE experiment at the Large
Hadron Collider (LHC) at CERN, where proton-proton collisions at center of mass
energies of up to y/s = 7TeV are taking place. The hereby produced charm quarks
and anti-quarks cannot be detected directly as they hadronise into hadrons soon af-
ter their production. Most of the charm (roughly 90 %) hadronises into D mesons
(particles that consist of a charm quark (or anti-quark ) and an anti-quark (or
quark)). The study of D mesons therefore allows for drawing conclusions on the
production of charm quarks. Due to their large mass, the D mesons decay before
they can reach the detectors. Therefore, one exploits their decays into kaons and
pions. As the detectors see particles only in certain p; and rapidity ranges, the
cross sections observed by the detectors are called visible cross sections - meaning
that the total production cross section of the the particle species being investigated
might be larger.

Within this thesis, a program was written that extrapolates the visible cross sec-
tions of D mesons to the full phase space. The hereby obtained values are the
total production cross sections of the D mesons. The total charm production cross
section is then computed from the total production cross sections of the D mesons.
Moreover, a closer look on the process of hadronisation is taken by examinig how
many Dt mesons are produced in a vector state in comparison to the total number
of produced DT mesons.

Before this thesis, these calculations were performed using another, already exist-
ing program. This program had once been written for the purpose of providing
results within short time. The disadvantage of this program is that its source-
code is hard to maintain. Therefore it was important, that the newly developed
program would have a well-arranged source-code being easy to maintain.

A major part of this thesis was to compare the values produced by the new program
with the already existing values. The actual numbers of the cross sections were
reproduced, however, it turned out that there were some bugs in the old code
concernig the calculation of uncertainties.

After the process of checking and comparing had been completed, the developed
program was upgraded and used to extrapolate the cross section of the D meson.
This meson has only recently been analysed within the ALICE collaboration and
was therefore not integrated in the already existing program.



1 INTRODUCTION

This thesis is organized as follows:

Section 2 gives a short summary of the regarded processes within the standard
modell. Moreover, some basic information about the pQCD framework FONLL
that provided the theoretical spectra which were used to compute the extrapolation
factors is presented. In Section 3 all extrapolations and calculations performed by
the program are described. To achieve a more fluent text most of the equations
that describe the propagation of uncertainties have been moved to the Appendix.
In Section 4 the results produced by the developed program are presented along
with the diffrences and bugs found in the existing code. In Section 5 the last
carried out implementation of the DI meson is presented. In Section 6 a short
summary is given.
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2 Theoretical Background

2.1 Charm Quark Production

Production of charm quark at LHC energies is dominated by gluon interactions of
the colliding protons. In the following we discuss three examples of such processes:
Gluonic pair production, gluon splitting and flavour excitation whose feynman
diagrams are shown in Figure 1, Figure 2 and Figure 3.

Gluonic pair production is a hard process in which two gluons annihilate and form
a cc pair in the final state. Gluon splitting is where two gluons undergo a hard
scattering process that is followed by one gluon splitting into a cc pair. Flavour
excitation is a process whereby a gluon from one proton splits into a c¢ pair that
is then hard scattered by a gluon from the other proton. The cross sections of
these processes can be calculated in pertubative QCD. However, the initial gluon
distribution has to be known and is an input to such calculations.

W+Q

QOO

Figure 1: Gluonic pair production: In a hard process two gluons annihilate and
form a cc pair in the final state. Diagram taken from ref. [27].

0

Figure 2: Gluon splitting: Two gluons undergo a hard scattering process that is
followed by one gluon splitting into a cc¢ pair. Diagram taken from ref. [27].



2 THEORETICAL BACKGROUND

0

Figure 3: Flavour excitation: A gluon from one proton splits into a cc pair that is
then hard scattered by a gluon from the other proton. Diagram taken from ref. [27].

2.2 Fragmentation

Experimentally, it has been observed that free quarks do not exist. According
to the colour neutrality postulate in quantum chromodynamics, colour charged
particles only occur in colour-neutral hadrons in nature. Therefore, the sole con-
stituents of a produced cc¢ pair in the LHC hadronise into hadrons soon after
production. As the attracting force between two opposed colour-charged quarks
remains constant with increasing distance, there is a linear increase of potential
energy. Thus, if the distance between the quarks becomes large enough it is ener-
getically favourable that a qq pair is produced from vaccum. In this way the charm
quarks and antiquarks can find up and down quarks and antiquarks and combine
to D mesons. The regarded types of D mesons are discussed in Section 2.3. The
process of quarks hadronising into hadrons is also called fragmentation.
Fragmentation is a soft process and can therefore not be described in pertuba-
tive QCD calculations. For this reason it must be modelled by experimentally-
determined fragmentation functions. Equation (2) shows a fragmentation func-
tion that C.Peterson et al. [26] formulated in 1983 on the basis of simple quantum
mechanical considerations:

1
21— (1/2) — e@/(1 = 2)P?

where z = Ey/Eq, Eq is the energy of the incoming heavy quark and Ejy is the
energy of the outgoing hadron. e is defined as eg = (m,/mg)? where m, and mq
are the masses of the light and heavy quarks. However, for calculation purposes
€ is taken to be a free a parameter.

D§(z) o

(1)
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2.3 Meson Species and Decay Channels

The focus in this thesis lays on the charmed mesons D°, D* and D**. They
consist of a ¢ quark and a light antiquark: @ for D°, d for DT and D**. The
fragmentation fraction (FF) is the relative production yield of a charm quark
hadronizing to a particular species of D meson. They are assumed to be universal,
i.e. they do not depend on the colliding system, the collision energy or the absolute
quark energy. The values for D°, Dt and D** are provided by the Particle Data
Group [18] are given in Equation (2). They have been measured at LEP at the
Z-resonance [6,17].

FF, .po = 0.557 & 0.023
FF._,p+ = 0.22640.010
FF, ,p-+ = 0.238 & 0.007 (2)

At the ALICE experiment the D mesons cannot be detected directly as their
lifetimes are too short. Therefore, one exploits the hadronic decays:

D’ - K +7"
DY K +7" 47"
D*f — D%+ 7t (3)

with branching ratios (BR) [18]:

BRpook--+ =3.89£0.05%
BR’D+—)K_TF+7T+ =913 % 019%
BRpe+_port = 67.7 £0.5% (4)

The branching ratios specify the possibiltiy for a particular D meson to decay into
the specified channel. With the ALICE detector being capable of assigning the
detected kaons and pions to original numbers of D°, D* and D** it is possible to
tell about the numbers of D°, D and D** that were produced in the fragmentation
process.
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2.4 FONLL

FONLL stands for Fixed Order plus Next Leading Logarithm. It is a pertubative
QCD calculation framework that calculates differential cross sections for heavy
quark production in hadron-hadron collisions [27]. In comparison to other pQCD
frameworks such as MNR [23] it provides more accurate results for large p;. The
cross sections are calculated using the factorization Ansatz [27] according to

dopp D+ X) = 3 [ deidradzfi(or, ) oz, e)

1,7,k
X do—ij—)kX(MF? CYS(,UR, mk)DkD(z) (5)

where ¢ and j denote the interacting partons in the colliding protons and k& the
outgoing heavy quark with mass my.

fi (f;j) is the parton distributing function (PDF) of the parton ¢ (j). The PDF
is a probability density for the parton i (j) carrying momentum fraction z; (x3)
within the colliding protons. The FONLL data used within this thesis used the
CTEQ6.6 [24] PDF.

dojjkx is the sum of differential cross sections of processes in which the incom-
ing partons ¢ and j interact and form the heavy quark k in the final state. The
doj;jkx are calculated in pQCD.

pr and pg are the factorization and renormalization scales. They are an input to
the PDFs and the differential cross sections calculated in pQCD. In general, the
pQCD calculations suffer from divergencies leading to infinite results. To avoid
these infinities, pup and pug are introduced. A complete calculation would not de-
pend on the choice of these scales. However, in the absence of such complete
calculation, the results do depend on the scale variables. To estimate the uncer-
tainty introduced by these scales, one varies them up and down. See Section 3.4.2
for the exact procedure used within this thesis.

as is the strong coupling constant and my, is the mass of the outgoing quark k.
DP(z) is the fragmentation function describing the probability of the outgoing
quark k fragmenting to a D meson. See Section 2.2 for further discussion of this
process.

The FONLL spectra used within this thesis come in two groups. One group are
py differential cross section spectra for each D meson with a rapidity cutoff of
ly| < 0.5. The other group are p; differential cross section spectra for each D meson
for the full rapidity range. These spectra are provided by Cacciari et al. [11] [12].
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2.4.1 GM-VFNS and MNR

GM-VENS and MNR are pQCD frameworks closely related to FONLL. The main
diffrence between these frameworks lays in the handling of infinities.

In general, the pQCD calculations contain badly converging logarithmic terms at
higher orders, especially when the relevant energy scale, e.g. the quark py, is much
larger than the quark mass.

Resummation approaches such as FONLL and GM-VENS share the goal of re-
summing leading and next-to-leading logarithmic (NLL) terms to all orders in the
cross section. Once a massless but resummed result, valid in the E > m region,
is obtained, one makes the interpolation to a fixed order cross section, valid in
the E &~ m region, to arrive at a prediction over the whole E range. FONLL and
GM-VFENS differ in the way this interpolation is realized, amongst others.

It turns out that this approach leads to an enhancement compared to MNR: The
resulting heavy-quark hadron spectrum at high-pt is in better agreement with
experimantally observed data, while the total heavy-quark production cross section
dominated by the low pt part remains practically unchanged.
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3 Methods

The aim of this thesis was to develop a program, that computes from the visible
production cross sections of prompt (B feed-down subtracted) D mesons, both
their total production cross sections and their production cross section per unit of
rapidity, at mid-rapidity |y| < 0.5.

From the total production cross section of each D meson the total charm produc-
tion cross section is computed by taking into account the mesons’ fragmentation
fractions.

Moreover, Py, the fraction of cd mesons produced in a vector state is calculated.

3.1 Program design

The programing concept used is object-oriented. Two ROOT classes were written
from scratch that provide datastructure and methods allowing for easy use and
expansion. A macro that uses the classes specifies the input data to be used and
the quantities to be calculated.

3.2 Terminology

o 0P : The visible cross section of the prompt production of a D meson.
Within this thesis it is also referred to as the visible production cross section
of a prompt D meson.

« ol The total cross section of the prompt production of a D meson. Within
this thesis it is also referred to as the total production cross section of a
prompt D meson.

« doP/dy: The production cross section of a D meson per unit of rapidity at
mid-rapidity |y| < 0.5

« P,: The fraction of cd mesons produced in a vector state.

tot.
cc

e 02" The total charm production cross section.
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3.3 Visible production cross sections of D mesons
The o2, have been obtained from the measured p; differential cross section spectra
by integrating over the experimentally covered p; ranges and are reported in Ta-
ble 1. These spectra have been measured at the ALICE experiment at CERN for
both /s = 2.76 TeV and /s = 7TeV. The experimentally covered rapidity range
at ALICE is |y| < 0.5. Figure 4 shows the measured spectra for /s = 2.76 TeV
and the ratio of the measured cross section and the central FONLL [11,12] and
GM-VFNS [19-21] calculations. In case of /s = 2.76 TeV, the fraction of D
mesons created within the evaluated pi-ranges for |y| < 0.5 is about 75 % in case
of DY and about 40 % in case of D™ and D**. In case of /s = 7TeV with wider
p; ranges these fractions are all about 80 %. The p; ranges are given in Table 1 for
the evaluated p; ranges along with the visible cross sections.

3-! L LI LI LI LI LI T T T T T L L L T LI LI LI LI TrT TrT T T

i 10 E T T T T T T T T T T T T T T T T T T

S ALICE

[ L ppVS=276TeV,L =1.1nb A
Q 10°F E
o E 0 + 4 E

= F =E= D" meson D" meson D * meson

%10; i 3
=t :
o L _
g aa -
| == :
© [ stat unc. ]
10'E  Oron 3
F CeM-vens 3

| +1.9% lumi, 1.3% BR norm. unc. (not shown) +1.9% lumi,  2.1% BR norm. unc. (not shown) +1.9% lumi, + 1.5% BR norm. unc. (not shown)

Il Data / FONLL
1

Data / GM-VFNS

Data / Theory
—_ N W A - N WA

s L L
2 4 6 8 10 12 2 4 6 8 10 12

p, (GeVic) p, (GeV/e)

o
T
i

Figure 4: Top: p¢-differential cross section for prompt D?, D, and D** mesons in
pp collisions at /s = 2.76 TeV compared with FONLL [11,12] and GM-VFNS [19-21]
theoretical predictions. Bottom: the ratio of the measured cross section and the
central FONLL and GM-VFENS calculations. Plot taken from ref. [4]
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Meson /s (TeV) p; interval (GeV/c) oD 4+ stat. & syst. (ub)

vis

DY 2.76 1-12 317 + 85 15
D+ 2.76 2-12 47+ 9 9
D*+ 2.76 2-12 59 4+ 14 13
D? 7 1-16 412 4+ 33 45
D+ 7 1-24 198 &+ 24 *22
D*+ 7 1-24 203 £ 23 %

Table 1: Visible production cross sections of prompt D mesons, o2 (|y| < 0.5) in

pp collisions at /s = 2.76 and 7 TeV. The normalization systematic uncertainty of
1.9% (3.5%) at /s = 2.76 (7) TeV and the decay BR uncertainties are not quoted
here.

3.4 Production cross sections doP /dy and total production

: D
cross sections Oiot

3.4.1 Central values

The o, are computed by extrapolating the visible cross sections to the full phase
space (full rapidity and p; range). do® /dy is computed by extrapolating the visible
cross sections to the full p; range.

do®/dy = o), - fronir (6)

vis.

D _ D all y
Otot — Ovis. * JFONLL (7)

The extrapolation factors are computed from the FONLL p;-differential cross sec-
tion spectra as the ratio between the spectra integrated over all p; and the spectra

10
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integrated over the measured p; ranges:

dpy
ly|<05 /au ” < Pt)FONLL, ly|<0.5 3
ptmax. ( )

FONLL —
/ ( dpy
pymin.

/ (%) dpy
all y all pt FONLL, all y

FONLL ptmax.

tmin.

2la
q

2o
q

Pt)FONLL, ly|<0.5

This is a standard procedure for heavy quark cross section extrapolation.

3.4.2 Extrapolation uncertainties

As described in Section 2.4, the FONLL spectra come up with some uncertainties.
To estimate the uncertainties of the fronpr arising from these uncertainties, there
is a set of froNnLLvariea Calculated for each extrapolation factor fronpr. The disct-
inct frONLL variea are calculated according to Equation (6) and Equation (7) where
within the FONLL spectra used, pug, ur and m. had been varied around their cen-
tral values. The central values of both up and ug are my = \/p2 + m2. pr and pg
are varied in the ranges 0.5 < pup/my < 2 and 0.5 < pugr/my < 2 with the constraint
0.5 < pp/pr < 2. For the charm quark mass the central value is m, = 1.5 GeV /c%.
It is varied within 1.3 < m. < 1.7GeV/c?. For the /s = 7TeV data there is also
an up and down variation of the PDF performed. The obtained fronir variea are
grouped into two (three) groups, depending on which kind of variation has been
performed.:

* UF, UR

[ mC

o PDF (only for /s = 7TeV)
Note that there is no fronLL variea that is a member of more than one group. Within
each group the largest positive and negative deviation of the fronLL variea are de-
termined and taken as the uncertainties correponding to the respective group.

The total uncertainties of the fronrr, are calculated as the quadratic sum of the
uncertainties of the two (three) groups:

A fronLL = \/AZF,MR + A2+ Afpp (10)

11
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The extrapolation uncertainties of doP/dy and o2, are calculated by scaling the
uncertainties of the fronwy:

A" (do® /dy) = Afoair) - o (11)

vis.

Aexm(ggt) = A( SglglLL) Loy (12)

vis.

3.4.3 Other uncertainties

The luminosity uncertainties and branching ratio uncertainties of do® /dy and o2,
are calculated by multiplying them with the relative uncertainties of the lumi-
nosity and the branching ratios. The relative luminosity uncertainties have been
measured in a dedicated run in ALICE [25]. The relative branching ratio uncer-
tainties are provided by the PDG [18]. See Appendix 6.1 for equations.
Statistical uncertainties and systematical uncertainties are computed by a scaling
of the particular uncertainties of the o2 . See Appendix 6.2 for equations.

vis.

3.5 P,

P, is defined as the proportion of cd D mesons produced in a vector state. It is
calculated by taking the ratio of oyt (D*") to the sum of oy (D*T) and the part of
Tiot(DT) not originating from oy (D**) decays.:

Otot (D*Jr)

P, =
O-tot<D*+) + O-tot(D+) — O-tot(D*+) . (]. — BRD*+_)DOTF+)

_ Tyt (D) (14)
Ut0t<D+> + O-tot(D*+) . BR,D*Jr*)DOWJr

3.5.1 Uncertainties

The statistical uncertainty and the systematical uncertainty of P, are obtained
from adding up quadratically the contributions of oy (DT) and oy (D*). To be
sure not to underestimate the systematical uncertainty of P, and in order to keep
things simple at the same time, the systematical uncertainties of o (DT) and
Ot (D*1) are symmetrized using the larger of the absolutes of their upper and
lower uncertainties before error propagation is performed. See Appendix 6.3 for
equations.

12
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The branching ratio uncertainty is evaluated summing in quadrature the uncer-
tainties of the branching ratios as presented in Appendix 6.4.

Luminosity uncertainties cancel out as oy (D) and oy (D*T) scale identically to
each other with a change in the luminosity.

The procedure for the calculation of the extrapolation uncertainty of P, is identical
to the one used for the fronrr, described in Section 3.4.2. P, is calculated for each
variation of the FONLL input parameters and the largest positive and negative
deviations of each group of variations are taken as the uncertainties corresponding
to the respective group. These uncertainties are then summed up quadratically:

Aextr \/A“F . + AQ + APDF (15)

3.6 Total charm production cross section o2

The total charm production cross section o' is calculated as a weighted average of

the total charm production cross section derived from o (D) and oy (D), that

is 0520 p+» and the total charm production cross section derived from oot (D**),
tot

0.2 et , Using the inverse of the squared statistical uncertainties as weights.:

tot a.tot

ce; DY, Dt cg; D*F 5
P (s e A C ) 19
lAstat. (Jgg;tDO,D-F)} [Astat ( EgtD*Jr)] *i
~~

norm.

3.6.1 Uncertainties

The statistical, fragmentation fraction and branching ratio uncertalntles of ot are

computed by adding up quadratically the contributions of o2 DO D+ and O'EgtD*+

t

The systematlcal uncertainty of o' is calculated by addlng up hnearly the con-

tot
tributions of 0 DO D+ and O o Do+

The lum1n051ty uncertalnty of o is calculated by multiplying " with the rela-

tive luminosity uncertainty. See Appendices 6.5 to 6.8 for equations.

The procedure for the calculation of the extrapolation uncertainty of o2 is iden-
tical to the one used for the fronpi described in Section 3.4.2. o' is calculated
for each variation of the FONLL input parameters and the obtained uncertainties
are summed up quadratically:

A () = A2, + A2+ Adpy (17)

13
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H H tot
3.7 Total charm production cross section O co: DO, D+

The total charm production cross section derived from oy (D) and oy (DT),
agngo’DJr, is calculated by dividing the sum of o;(D°) and oy (D) by the sum
of the corresponding fragmentation fractions:

tot ~ 01t(D°) + i (DY)

ot = 18
O-CQ bo,D FFC—)DO + FFCHD"' ( )

3.7.1 Uncertainties

The statistical, systematical and branching ratio uncertainties are calculated by a
scaling of the quadratically summed up uncertainties of o, (D) and oot (DT).
The luminosity uncertainty and the fragmentation fraction uncertainty are calcu-
lated by multiplying 02!\, )4 With the relative uncertainty of the luminosity and
the relative uncertainty of the sum of the fragmentation fractions, respectivly. See
Appendices 6.9 and 6.10 for equations.
The procedure for the calculation of the extrapolation uncertainty of affngO’m is
identical to the one used for the fronrr, described in Section 3.4.2.
azgfm’m is calculated for each variation of the FONLL input parameters and the
obtained uncertainties are summed up quadratically:

AT (1000 1) = Ay + AL+ Abpy (19)

HF>HR

tot

3.8 Total charm production cross section o2’ .
9

The total charm production cross section derived from oo (D*), 022,

culated by dividing oy (D*') by the corresponding fragmentation fraction.:

ot
tot _ Tt (D)
= D*+ — e
cc; D FFC*}D*"’

is cal-
(20)

3.8.1 Uncertainies

The luminosity uncertainty and the fragmentation fraction uncertainty of o'%' .,

are calculated by multiplying oo, , with the relative uncertainty of the luminos-
ity and the relative uncertaintybf the fragmentation fraction, respectivly. The
statistical, systematical, branching ratio and extrapolation uncertainties are cal-
culated from a scaling of the uncertainties of oo (D**).

See Appendices 6.11 to 6.12 for equations.

14
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4 Results

With the program developed within this thesis most numbers were reproduced.
However, there were differnces in the error propagation. All diffrences could be
identified as bugs in the old code.

4.1 Production cross sections do”/dy and o,

It turned out, that the lower extrapolation uncertainties of the differential cross
sections per unit of rapidity for D°, DT and D* in case of /s = 7TeV and
DY in case of /s = 2.76 TeV had been calculated 15-20 % too large by the old
program due to implementation errors. More precisely, the part in the old code
that is responsible for finding the largest positive and negative deviations within
each group of the fronir variea does not distinguish properly between the groups.
In effect, some of the fronLy varied are taken into account twice what leads to too
large uncertainties in the cases specied above.

Table 2 shows the production cross sections per unit of rapidity, de®/dy, of D
mesons in ub, integrated over all py for |y| < 0.5. Numbers that were calculated
wrongly by the old code are bold printed.

Meson +/s (TeV) doP/dy stat. syst. lum. BR extr.

DO 2.76 428 +115 8. 48 46
D+ 2.76 127 426 % +2 43 3
D*+ 2.76 148 435 ¥ 43 42 2
DO 7 516 441 T 18 47 1%
D+ 7 248 430 52 49 45 PO
D*+ 7 247 427 ¥ £9 4

Table 2: Production cross sections doP /dy (ub) of D mesons, integrated over all
py for Jy| < 0.5. Numbers that were calculated wrongly by the old code are bold
printed.

15
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Table 3 shows the total production cross sections o, of D mesons in mb, extrap-
olated to the full phase space. In case of the total production cross sections all
numbers were calculated correctly.

Table 4 shows the related extrapolations factors.

Meson +/s (TeV) o2  stat. syst. lum. BR  extr.

Do 276 313 +0.84 0T 4006 +0.04 *20
D+ 276 093 +0.19 192 +0.02 40.02 *4i
D*+ 2.76 1.08 4025 *9% 4002 002 *9°
DO 7 442 £035 0¥ 1015 +£006 *239
D+ 7 212 +£026 05 +007 +004 2
D*t 7 211 +024 031 +007 +003 *i2

Table 3: Total production cross sections o2, (mb) of D mesons, extrapolated to the
full phase space.

Meson +/s(TeV) extr. factor doP/dy extr. factor o2,

Do 2.76 1.35 +08 9.9 5
Dt 2.76 2.7 1080 19.9 +83
D+ 2.76 2.50 T072 18.2 +59
Do 7 1.25 1029 10.7 *6:3
D+ - 1.25 029 10.7 752
D+ 7 1.21 1928 10.4 5

Table 4: With FONLL calculated extrapolation factors for do®/dy (|y| < 0.5) and

D
Otot-
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4 RESULTS

4.2 P,

The obtained values for P, the fraction of cd D mesons created in a vector state,
at /s =2.76 TeV and /s = 7TeV are given in Equation (21) and Equation (22)
with the values that changed bold printed :

P,(2.76 TeV) = 0.65 & 0.11 (stat.) 40.13 (syst.) £0.01 (BR) =95, (extr.

)
(21)
P, (7 TeV) = 0.59 £ 0.06 (stat.) £0.18 (syst.) +0.01 (BR) 1% %os (extr.

(

22)

Several uncertainties were found to be calculated in a wrong way in the existing
code:

o The systematical uncertainty is calculated 38 % (56 %) too small in case of
Vs = 2.76 TeV (y/s = 7TTeV). The exact procedure in the existing code
could not be comprehended.

e The branching ratio uncertainty is calculated 80 % too small for both ener-
gies. There were several attempts made to identify the procedure used in
the exsiting code. This included the implementation of a method that tries
all possible combinations of propagating the branching ratio uncertainties
within the calculation of P,. However, the values produced by the old code
could not be reproduced.

o The lower extrapolation uncertainty is calculated 35 % (49 %) too small in
case of /s = 2.76 TeV (/s = 7TeV). Most likely, there is a bug in the part
of the existing code, that is responsible for finding the largest positive and
negative deviations within each group of calculated Py, yaried, similar to the
bug in the calculation of the lower extrapolation factors of do® /dy. However,
this was not verified.

It is observed, that the extrapolation uncertainties of P, are negligible what indi-
cates, that the FONLL extrapolation factors of Dt and D** scale almost identically
to each other with the varying of the FONLL parameters.
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4 RESULTS

The values are compatible with results from other experiments using diffrent collid-
ing systems at diffrent collision energies, [2,3,5,7,10,14,16], as shown in Figure 5.
The weighted average of the experimental measurements reported in ref. [15],
with average 0.594 + 0.010, and of the LHC data [2,3,5] shown in Figure 5 is
P, = 0.6040.01, and is represented by a solid yellow vertical band in the figure. It
is observed that the value of Pv is independent of the collision system and collision
energy. In hindsight, this justifies the factorization Ansatz in Equation (5), which
assumes that the creation of a charm quark and its hadronization are independent.

R L R RN R R
CLEO (CESR, 10.55 GeV) —&—
ALEPH (LEP, 91.2 GeV) ——
CDF (Tevatron, 1.96 TeV) ——
ALICE (LHC, 2.76 TeV) —_—
ALICE (LHC, 7 TeV) —_—
ATLAS (LHC, 7 TeV) ——
average b d
e b b b b b e b b B

0.8 09 1
P,

Figure 5: The fraction P, of cd D mesons created in a vector state to vector and
pseudoscalar prompt D mesons [2,3,5,7,10, 14, 16]. The weighted average of the
experimental measurements reported in ref. [15] and of the LHC data [2,3,5] shown
in the figure is P, = 0.60 £ 0.01, and is represented by a solid yellow vertical band.
Plot taken from ref. [4].

0 0.1 02 03 04 05 06 0.7

18



4 RESULTS

4.3 Total charm production cross section

The total charm production cross section was taken as the weighed average of the
total charm production cross section derived by the sum of the total production
cross sections of D? and Dt and the total charm production cross section derived
by the total production cross section of D**:

tot ogtot
cC; DO,D+ cc; D* T

Astat. ( gtot 7 T Astat. (stot 2
stat. stat.
P o e I G G )

T (0 e )] (A (o))

~~
norm.

See Sections 3.7 and 3.8 for further information.

Table 5 shows total charm production cross sections in mb. Values that were
calculated according to a wrong procedure in the old code are in bold print.

Vs (TeV) ot stat. syst. BR FF. lum. extr.
276 48 08 T 006 01 0.1 128
7 85 05 10 009 02 0.3 130

Table 5: Calculated total charm production cross sections. The bold printed rows

3 tot tot
show the weighted averages of T . DO D+ and 0o Dt

Some of the uncertainties calculated by the existing code were found to be incor-
rect:

o The branching ratio uncertainty was calculated 30 % too small in case of
Vs = 2.76 TeV. In case of \/s = 7TeV a change does not appear in the
given precision. In the old code, the contributions of the branching ratio

: tot tot : L]
uncertanties of O o DO D+ and O o Dt AT€ summed up in quadrature. This is

tot tot

wrong as both 0 o DO D+ and O Do+

depend on BRpo_,x—7+.

e The luminosity uncertainties were both calculated about 20 % too small. In

the old code, the contributions of the luminosity uncertainties of o2, 1+

tot : a3 tot
and 0o pr+ AI€ summed up in quadrature. This is wrong as O o DO D+

E(E)FD*‘*‘ scale identically to each other with a change in the luminosity.

and
o

o The upper extrapolation uncertainty in case of \/s = 2.76 TeV was calculated
8 % too small. The lower extrapolation uncertainty in case of /s = 2.76 TeV
and both lower and upper extrapolation uncertainties in case of /s = 7 TeV
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4 RESULTS

were calculated about 20 % too small. In the old code, the extrapolation
uncertainty of o2, . is calculated from summing up in quadrature the

contributions of gy (DY) and oy, (D™). This is wrong as they are correlated.
This wrongly calculated extrapolation uncertainty of oo, , is then used

ot which is therefore incorrect.

cc

to calculate the extrapolation uncertainty of o,

Figure 6 shows the total nucleon—nucleon charm production cross section [1-3,
8,9,22] as a function of the collision energy. The uncertainty boxes around the
ATLAS [2,3] and ALICE [5] points denote the extrapolation uncertainties alone,
whilst the uncertainty bars are the overall uncertainties. Note that in case of
proton—nucleus (pA) or deuteron—nucleus (dA) collisions, the measured cross sec-
tions have been scaled down by the number of binary nucleon—nucleon collisions
calculated in a Glauber model of the proton—nucleus or the deuteron—nucleus
collision geometry. At /s = 7 TeV, the ALICE results are in agreement with
preliminary measurements by the ATLAS [2,3] and the LHCb Collaboration [1].
The curves show the calculations at next-to-leading-order within the MNR frame-
work [23] together with its uncertainties using the same parameters (and param-
eter uncertainties) mentioned before for FONLL. The overall dependence on the
collision energy is described by pQCD calculations.
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G, (1b)

10°

102

10

—@— ALICE (total unc.)

|:| ALICE extr. unc.
—O— ATLAS Preliminary (total unc.)
|:| ATLAS extr. unc.
—A— LHCb Preliminary (total unc.)
A  PHENIX
* STAR
[0 HERA-B(pA)
[l E653(pA)
V  E743 (pA)
V  NA27 (pA) R
¢ NAT16(pA) ./
O E769 (pA) .
—— NLO (MNR)

4
IIIIII|
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21

10°

10*
I's (GeV)

Figure 6: Energy dependence of the total nucleon—nucleon charm production cross
section [1-3,8,9,22]. In case of proton—nucleus (pA) or deuteron—nucleus (dA) col-
lisions, the measured cross sections have been scaled down by the number of binary
nucleon—nucleon collisions calculated in a Glauber model of the proton—nucleus or
deuteron—nucleus collision geometry. The NLO MNR calculation [23] (and its un-
certainties) is represented by solid (dashed) lines. Plot taken from ref. [4].
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4.4 DF

The program was originally designed for the three mesons D°, D* and D**. After
having thoroughly checked that all methods worked correctly and after all discrep-
ancies found between the values produced by my code and the values produced
by the old code were understood, I added the DI meson. This implementation
process took only about ten minutes which proves the easy maintenance of the
developed code par exellence.

4.4.1 Data

The visible cross section of prompt D mesons in proton-proton collisions at
Vs = 7TeV was obtained from the p¢-differential cross section spectrum that was
measured at ALICE and is shown in Figure 7. The symbols are positioned horizon-
tally at the centre of each p; interval. The normalization uncertainty (3.5 % from
the minimum-bias cross section and 4.9 % from the branching ratio uncertainties)
is not shown. Theoretical prediction from GM-VFNS [21] is also shown.

The visible cross section was obtained by integrating over the experimentally cov-

ered p; range of 2 < p; < 12 and is given in Equation (24).

oD7 = 52 £ 12 (stat.) 12 (syst.) £ 2 (lum.) + 3 (BR) ub (24)

vis.

As there are no FONLL predictions for the production of D mesons at full rapidity
so far, the visible cross section of D is extrapolated only to the full p;, range. The
production cross section of prompt D mesons per unit of rapidity at midrapidity
ly| < 0.5 is given in Equation (25):

do™ dy = 116 +27 (stat.) *37 (syst.) 4 (lum.) =7 (BR) 758 (extr.) ub ~ (25)
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Figure 7: (colour online) pi-differential inclusive cross section for prompt DF
mesons in proton-proton collisions at /s = 7TeV. The symbols are positioned
horizontally at the centre of each p; interval. The normalization uncertainty (3.5 %
from the minimum-bias cross section and 4.9 % from the branching ratio uncertain-
ties) is not shown. Theoretical prediction from GM-VENS [21] is also shown. Plot
taken from ref. [13].
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5 Summary

Within this thesis, a program was developed that extrapolates the measured, visi-
ble cross sections of D mesons to the full kinematical phase space. This had become
necessary since the already existing program that was used for these extrapolations
so far had become difficult to maintain.

In the process of comparing the values produced by the new program with the
values produced by the existing program many bugs in the existing program could
be identified. With the help of the developed program several values in the paper
"Measurement of charm production at central rapidity in proton-proton collisions
at /s = 2.76 TeV’ [4], that was being proofread whilst this thesis was written,
could be corrected.

The within short time completed implementation of the D meson was interpreted
as a first, passed test for the developed program.

As a first step of what can still be done to finalize the developed program, a
method was implemented that calculates the visible cross section for a D meson
by integrating over its p; differential cross section spectrum. However, the read-in
of the systematical uncertainties could not be finished.
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6 Appendix

6.1 Luminosity uncertainties and branching ratio uncertainties
of do®/dy and o,

The luminosity uncertainties and branching ratio uncertainties of do® /dy and o2,
are calculated by multiplying them with the relative uncertainties of the luminosity
and the branching ratios as :

e luminosity uncertainties:

AL
A" (doP /dy) = do® /dy - A (26)
AL
AN (gR) = o - I (27)
e branching ratio uncertainties:

ABRP

ABR(doP /dy) = da®/dy - 1?3 (28)
BR
ABRP

AP(oB,) = oB - Sot (29)

6.2 Statistical uncertainties and systematical uncertainties of
doP/dy and o,

The statistical uncertainties and systematical uncertainties are computed by a
scaling of the particular uncertainties of the o2

vis.

e statistical uncertainties:

A (doP /dy) = A (0,) - frown (30)
A (o) = A (00,) - frodur (31)

o systematical uncertainties:

AP (do® /dy) = A (0, ) - febair (32)

AV (g ) = A (o)) ) - Iil(l)ﬁLL (33)
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6 APPENDIX

6.3 Statistical uncertainty and systematical uncertainty of P,

The statistical uncertainty and the systematical uncertainty of P, is obtained from
gaussian error propagation:

N|=

A(P,) = [(808—%) - A(atoxD*)))Q + (g A(amt<D*+>>)2] (34

« statistical uncertainty

A% (P,) = P2 [( raB AStat'(atot(D*+)))2 + (Amh(%ww)j |

Utot(D*+) Utot(D*+)

» systematical uncertainty

ASS(P,) = P2. ( amt(D+)2 AT (g (D +)))2 . ( Asyst-<%t<D+>)>2] :

Utot(D*+) Utot(DH)

Note, that to guarantee not to underestimate the systematical uncertainty of P,
and in order to keep things simple at the same time, the systematical uncertainties
of oot (DT) and ooy (D*T) are symmetrized using the larger of the absolutes of their
upper and lower uncertainties before error propagation is performed.

6.4 Branching ratio uncertainty of P,

Equation (14) can be reformulated into:

N*
BRps+ ,p0r+ - BRpo x—n+

= <0‘tot(D+) + o > 0

BRpo x—r+
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6 APPENDIX

Gaussian error propagation leads to:

P 2 PQ 2
APR(P,) = (— ABRDMW) + (#ABR(OMDH))

BRp«+ _por+ (D*+)

P2 O-tot(D+) 2
v ABR —
* (atot(D*ﬂ BRoo i s DK

N

(38)

6.5 Statistical uncertainty and fragmentatin fraction

: tot
uncertainty of o2

The statistical and fragmentation fraction uncertainties of of2* are computed by

adding up quadratically the contributions of 62", ,, and o' . :

» statistical uncertainty

. ) 2 1 2 %
Astat. O_(L;gt — X + -
( ) norm. /\stat. <U<t:g;tD0,D+) /\stat. (Uﬁ‘éfD*+)

(39)
« fragmentation fraction uncertainty
2 2 5
1 AFF O-Eg-t AFF O.(t:g.t .
AFF'(O'E?) _ — « ( ,DO,D+) - + ( :D +> _
. Astat.(gzg;‘cD07D+):| [Astat.(o—(t:g;tD*+):|

(40)
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tot

6.6 Branching ratio uncertainty of o2

To be able to perform error propagation of uncorrelated quantities, eq. (23) is
reformulated into:

N + Otot (D+)

tot __ BRpo_,k—nt

0’ _ pr—
2
[Astat. <Uzg;tD0,D+>] (FF(HDO + FFC—>D+>

cC

(1)
N* L1
2
[Astat- (atot )] BRp-+ ,pomt BRpo okt FFoper | 07T

cc; D*t

+

tot
cc

The branching ratio uncertainty of o'2" is calculated according to Equation (42):

DO

ABR (o%h) = 2
|:Astat. (ng;tDO,D+>i| (FFC—>D0 + FFCHD*—)

cc

D*+ ABRDO_>K77|—+
[Astat. (UggFDH)} 2 FF. . p+ BRpo_,x-7+

2

+

N ABR(UQtot(D+>)
[Astat. (J(t:g;tDO’D+>] (FF.,po + FF.,p+)
273
., D*t . AQBRDH—HDO,.& % 1
[Astat. (UngDH)] FF.p++ - BRpet+ pog+ norm.

(42)
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tot

6.7 Systematical uncertainty of o2

tot
cc

The systematical uncertainty of ¢'2" is calculated by adding up linearly the con-
tributions of ¢!, p+ and ol .

cC;

t. tot t. tot
Asyst. (O—(t;gt) — 1 « AE (O—Cg; DO,D+) . + A®s (O-C(E); D*+) . (43)
norm. [Astat.(o.(t:g;tDO’DjL)] [Astat.(o—zg;tD*+):|

tot
cC

6.8 Luminosity uncertainty of o

tot
cc

tot
cc

The luminosity uncertainty of o'2" is calculated by multiplying ¢'2" with the relative

luminosity uncertainty:

tot AL tot

A (gl = — - o2 (44)

cc

6.9 Statistical, systematical and branching ratio uncertainties

tot
of Ucé; DO,D+

The statistical, systematical and branching ratio uncertainties are calculated by a
scaling of the quadratically summed up uncertainties of oy (D) and oy (DT).:

« statistical uncertainty

stat./ _tot \/Asm'(atot(DO))2 + AStat'(Utot(D+))2
AT (0 pop+) =
o FF. ,po + FF.p+

(45)

« systematical uncertainty

/\syst. o D0Y))2 A\syst. o D+))2
AsySt.(o.(t:cé);tD*+) _ \/ (O-t t( )) + (Ut t( )) (46)
FF.,po + FF.p+

e branching ratio uncertainty

ABR o DO 2 ABR o D+ 2
ABR(O_(t:g;tD*Jr) _ \/ (U]t?]t?( )) + (Ut t( )) (47)
espo + FFep+
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6.10 Luminosity uncertainty and fragmentation fraction

H tot
uncertainty of O o DO, D+

The luminosity uncertainty and the fragmentation fraction uncertainty are calcu-
lated by multiplying azgfm’m with the relative uncertainty of the luminosity and
the the relative uncertainty of the sum of the fragmentation fractions, respectivly.

e luminosity uncertainty

AL tot

Al (Uzg;tDO,D+) = —7 " O Do D+ (48)

o fragmentation fraction

V(AFF )2 + (AFF,p. )

49
FF.,po + FF..p+ ( )

FF./ _tot _ _tot
A (Ucé; DO,D+) = 0. DOD+ °

6.11 Luminosity uncertainty and fragmentation fraction

: tot
uncertainty of O oy D+

The luminosity uncertainty and the fragmentation fraction uncertainty are calcu-
lated by multiplying %', with the relative uncertainty of the luminosity and
the relative uncertainty of the fragmentation fraction, respectivly.

e luminosity uncertainty

AL
Alum'(agg;tDH) =7 Ugg;tD*Jr (50)
» fragmentation fraction
AFFC—)D*+

FF. tot _ _tot
A (OCE; D*+) - Ucé; D*+ ° FF
c—D*+

- - t t
6.12 Other uncertainties of acg; Dt

tot

All other uncertainties are computed from a scaling of the uncertainties of o2 ..
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statistical uncertainty

B Astat. (Utot (D*+))

Astat.(o_tgt ) —
cc; D*+
FFC—}D*Jr

systematical uncertainty

B Asyst. (Utot(D*+>>

As}’St. (ng;tD*vL) —

FF.p-+
branching ratio uncertainty
ABR o D*+
ABR(O—E(E)FDML) _ (Ut t( ))
’ FFC—}D*“’

extraction uncertainty

B Aextr. (Utot (D*+))

ﬁ extr. (O't9t ) —
cc; D*+
FF. .pet
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