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Abstract

This thesis presents differential and total charm cross section measurements at various center-
of-mass energies in pp collisions. For the purpose of measuring the total charm cross section,
the D*T differential cross sections are measured at /s = 7, 0.9 and 13 TeV in the CMS
detector by covering the largest possible phase space, resulting in the smallest extrapolation
factor ever introduced at the LHC. The measured fiducial cross sections are extrapolated to the
total cross section using a data-driven parametrization which is introduced for the first time to
be applied to all the weakly-decaying ground states in pp collisions with non-universal charm
fragmentation. Also adding other LHC measurements, the total charm-pair cross sections are
measured at /s = 0.9, 5, 7, and 13 TeV to be 1.837030  8.437 %2, 9.397 % and 17.437510
mb, respectively. These measurements supersede all the earlier LHC measurements which were
derived under the fragmentation universality assumption, and show consistency with NNLO
QCD theory predictions. The measurement of the total charm cross section as a function of
the center-of-mass energy can be used to constrain QCD parameters. The very first example
is shown to constrain the charm mass and the parton distribution functions particularly in the
low-z region.



Zusammenfassung

In dieser Arbeit werden Messungen differentieller und totaler Wirkungsquerschnitte fiir charm-
Produktion in pp-Kollisionen bei verschiedenen Schwerpunktsenergien vorgestellt. Als Zwischen-
schritt zur Messung des totalen Wirkungsqurschnitts werden differentielle Wirkungsquerschnitte
fiir die Produktion von D*T-Mesonen gemessen bei /s = 7, 0.9 und 13 TeV im CMS-Detektor.
Dabei wird der grofftmogliche Phasenraum abgedeckt, so dass der finale Extrapolationsfaktor
kleiner ist als jemals zuvor am LHC erzielt. Diese Extrapolation jenseits des gemessenen Pha-
senraums erfolgt mittels einer datengetriebenen Theorie-Parametrisierung, die zum ersten mal
angewendet wird auf alle schwach zerfallenden Charm-Grundzustédnde unter Beriicksichtigung
der Nicht-Universalitdt der Charm-Fragmentation. Unter Hinzunahme anderer LHC-Messungen
werden die totalen Wirkungsquerschnitte fiir Charm-Paarproduktion bei /s = 0.9, 5, 7, und 13
TeV bestimmt zu 1.83f8:§?, 8.431%:(1)2, 9.39f}:23, und 17.433:%(7] mb. Diese Messungen ersetzen al-
le vorhergehenden LHC-Messungen, die unter der Annahme universeller Charm-Fragmentation
erzielt worden sind. Sie bleiben konsistent mit NNLO-QCD Theorie-Vorhersagen. Die Darstel-
lung dieser Messungen als Funktion der Schwerpunktenergie kann verwendet werden um QCD-
Parameter zu beschrianken. Die erste entsprechende Untersuchung liefert Einschriankungen auf
die Masse des Charm-Quarks, und der Parton-Dichteverteilungen bei sehr kleinen Impulsantei-
len x.
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Introduction

Elementary particle physics is to explain the ultimate constituents of matter and their inter-
actions. Understanding the fundamental particles and interactions except gravity is embodied
today in a unified description, the Standard Model (SM). The theory of Quantum ChromoDy-
namics (QCD) is a well established part of the SM, which describes the strong interactions. The
strong interaction has the unique property of increasing strength with decreasing energy scale,
such that quarks can never be measured as free particle in experiments. Thus it is inevitable to
encounter non-perturbative QCD phenomena for any interactions involving quark states, which
requires a strong interplay between experiment and theory. Heavy quark production in pp col-
lisions is one of the best subjects to understand the strong interaction, since it is almost free
from any other interactions and allows a comparison of theory to measurement with a broad
energy coverage.

In particular, measurements of charm production in pp collisions at LHC center-of-mass-
energies provide an important test of QCD in the transition region of the perturbative and non-
perturbative regimes. Heavy quarks known as top, beauty and charm have mass scales which
are larger than the QCD scale, Aqcp. Those mass scales make the strong coupling constant, o,
to be small enough to calculate the production cross section perturbatively. However, the charm
mass is very close to Aqcp, which challenges perturbative calculations with large theoretical
uncertainty, and thus providing experimental constraints is of importance. Currently differential
cross-section calculations are known for top [1] and beauty [2] up to Next-to-Next-to-Leading
Order (NNLO, terms up to a?), while for charm up to only Next-to-Leading Order (NLO, up
to o) without [3] or with [4] Next-to-Leading Log (NLL) contributions. In the case of the total
cross section, calculations are known up to NNLO [5] for all three heavy quarks. The total
charm cross section, which is free of any fragmentation effects, can be used to constrain the
charm mass and Parton Distribution Functions (PDF) in the low-z region where uncertainties
are large.

For the total charm cross section measurement, differential cross sections measured in limited
kinematic ranges and for a restricted set of final hadronic states need to be extrapolated to the
total cross section, under certain theoretical assumptions. Several differential cross-section
measurements have been performed on different inclusive charm final states in pp collisions by
the LHC experiments so far: ALICE at /s = 2.76, 5, 7, 13 TeV [6-15], LHCb at /s = 5, 7, 13
TeV [16-18], ATLAS at /s = 7 TeV [19] and CMS at /s = 5, 13 TeV [20-23]. Some of these
measurements were extrapolated to the full kinematic phase space with a large extrapolation
factor in order to extract the total charm cross section [6,12,13,24], with the assumption of
charm fragmentation universality, i.e., that the fragmentation is independent of either collision
systems and kinematics. The corresponding cross section values are thus strongly theory and
model dependent.

Recent LHC measurements reported that the fragmentation significantly depends on colli-
sion systems and transverse momentum [10, 15,22, 25-27], which indicates non-universality of
charm fragmentation. This requires all the previous total charm cross section measurements
to be updated. For the first time, based on the study in this thesis, the treatment of the non-
universal fragmentation for the total charm cross section extraction was presented in [28] by
introducing a novel phenomenological way not to assume any particular non-universal charm
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fragmentation model; the non-universal fragmentation effects were extracted directly from the
LHC measurements and combined with NLO+NLL perturbative theory. This was then applied
into extrapolating differential cross section measurements at /s = 5 TeV. Meanwhile, [29] also
presented the total charm cross section derived at /s = 5 TeV by using a PYTHIA [30, 31]
tuning to deal with the non-universal fragmentation effects, but it appears that still not all of
the final states can be well described by the tuning. No generally accepted model is available
to describe the non-universal fragmentation at the moment of writing this thesis.

Measurements in the CMS detector result in the smallest extrapolation factor from a single
experiment by covering the largest possible phase space up to about 2.5 in rapidity. Using
LHCb measurements for the larger rapidity, the total charm cross section can be derived with
the smallest extrapolation factor ever achieved in LHC measurements [32].

This thesis aims to eventually present the total charm-pair cross section measurements in pp
collisions at various center-of-mass energies by applying the non-universal charm fragmentation
with minimal theory and model dependence, which then supersede the earlier LHC measure-
ments still provided based on the fragmentation universality assumption. With these measure-
ments, the very first preliminary study to constrain the charm mass and the low-x PDF's also
will be briefly introduced. For these goals, Chapter 2 provides theoretical predictions of charm
quark pair production at the highest order available to date, which are taken as perturbative
predictions for extrapolation and to constrain the QCD parameters in this thesis. All the non-
perturbative inputs for the charm fragmentation are extracted from published measurements
which will be introduced in Chapter 3. After introducing the CMS detector in Chapter 4,
differential cross section measurements in CMS, for specifically D** and D°, will be discussed
in Chapter 5. Finally the total charm cross section measurements and the application of the
results to constrain the QCD parameters will be presented in Chapter 6 starting from introduc-
ing the new extrapolation scheme to apply the non-universal charm fragmentation, which was
presented in [28].



Theoretical Particle Physics and
Heavy-Quark Production

The Standard Model (SM) of particle physics describes three of the four known fundamental
forces in the Universe. To date, it is known that the four fundamental forces are gravitational,
electromagnetic, weak and strong interaction. All massive particles feel the attractive force
of gravity. However, the gravitational interaction has the weakest strength among the four,
which results in no significant effect at the microscopic scale, while it is the most significant
interaction at the macroscopic scale, governing the mechanics of the planets, stars and galaxies.
Electromagnetism governs the interactions between electrically charged particles via electro-
magnetic fields. The weak interaction is responsible for particle decays. The coupling constant
of the weak interaction is larger than that of electromagnetism, however, the interaction has
smaller strength at low energies for decay processes due to the massive bosons, and thus is called
“weak”. The strong interaction is responsible for bindings of hadronic and nuclear states, and
has the largest strength among the four. Except gravity, the three fundamental interactions are
unified in the SM.

According to the SM, the elementary particles are classified as twelve fermions of half-
integer spin and four kinds of bosons of integer spin. Fermions are classified again as six quarks
and six leptons. There are three families composed of up and down type quarks: up (u) and
down (d), charm (c) and strange (s), and top (¢) and beauty (b). Similarly leptons have three
families of electron and neutrino type: electron (e~ ) and electron neutrino (v,), muon (x~) and
muon neutrino (v,), and tau (77) and tau neutrino (v;). Fermions have the corresponding
antiparticles having opposite charge, which are called antiquark or antineutrino and denoted
with a bar over the corresponding particle symbol. In the case of an electron type particle,
the antiparticle is denoted by e™, u™ and 7", and called positron, antimuon and antitau,
respectively. On the other hand, it is known that there are four kinds of elementary bosons: the
photon (), neutral and charged weak bosons (Z and W=, respectively), eight gluons (g), and
the Higgs boson (H). These bosons except the Higgs boson interact with fermions by carrying
forces. The Higgs boson specifically contributes to the phenomenological mechanism of mass
generation.

2.1 Standard model theory

An overview of the SM theory is shown in Figure 2.1. The underlying theory of the SM is
quantum field theory [34]: a theoretical framework describing particle creation and annihilation
by combining quantum mechanics and special relativity. In a field theory, the Lagrangian
contains free-field terms and additional interaction terms. Combined with propagators for
virtual or unstable particles, this gives information to compute scattering and decay amplitudes
according to Feynman rules [35,36]. Eventually, predictions are derived for quantities like the
cross section and decay rate, which can be measured from experiment.
Let me first introduce the Lagrangian of fermions [37, p.34] in the absence of interactions:

Lo =Y(id — m)y, (2.1)
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Figure 2.1: Overview of the Standard Model theory. The diagram shows the elementary par-
ticles of the Standard Model (the three families of quarks and leptons, and the gauge bosons),
including their names, masses, spins, charges, chiralities, and interactions with the strong, weak
and electromagnetic forces. It shows how the properties of the various particles differ in the
(high-energy) symmetric phase (top) and the (low-energy) broken-symmetry phase (bottom).

Figure is taken from [33].



Standard model theory

where 1 is the Dirac field describing a four-component spin—% particle with mass m and ¥ is
the Dirac adjoint. By minimizing the action

S = /d4m£0, (2.2)

the free-field Dirac equation is obtained as

(i@ — m)p = 0. (2.3)
Solutions of the Dirac equation can be given by a free-particle plane wave [38, p.100],
W = u(p) exp(ip - x) (2.4)
for a relativistic spin-half particle, and
¢ = v(p) exp(—ip - x) (2.5)

for its antiparticle. Here u(p) and v(p) are four-component Dirac spinors.

Conservation laws in physics are related mathematically to an invariance under a certain set
of symmetries. The SM has the global Poincaré symmetry under which energy, momentum and
angular momentum are conserved. The SM is also invariant under a local SU(3)xSU(2)xU(1)y
gauge symmetry. The free-field Lagrangian of Eq.(2.1) alone is no longer invariant under the
gauge symmetries and additional interaction terms should be introduced. Mathematically, this
gauge symmetry is introduced with gauge fields and gauge covariant derivatives into the free-
field Lagrangian, under which the color charge, weak isospin, weak hypercharge and electric
charge are conserved.

2.1.1 QED Lagrangian

Quantum ElectroDynamics (QED) is an Abelian gauge theory describing the electromagnetic
interaction, which is invariant under a local U(1) gauge symmetry. The Lagrangian of QED is
described as

— 1
L= T/J(Z]p - m)w - ZFMVFMV (26)
where a gauge covariant derivative [37, p.43],
D, =0, —ieA,, (2.7)

is introduced instead of the partial derivative (0,) in Eq.(2.1), and the field strength tensor [37,
p.26] is
FH = R AY — §¥ AP (2.8)

Here a U(1) gauge field A, represents a vector boson, i.e., the photon and e is the coupling
constant for an interaction vertex between fermions and photon. The free photon field A*,
which is the electromagnetic vector potential, can be written in terms of a plane wave and a
four-vector photon polarization, ¢y (A = 1, 2) [38, p.121]:

AM = €\ exp(ip - ). (2.9)
The Lagrangian, Eq.(2.6), is invariant under a gauge transformation where
1
AP AP — 0P, p > exp(—ixn)y (2.10)
e

with a local infinitesimal variation, ». QED is invariant also under the discrete symmetries of
charge conjugation [38, p.103] where
¥ s C1p (2.11)
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Figure 2.2: Feynman rules for QED.

and parity [38, p.110] where
b Pip. (2.12)

The charge conjugation operator C transforms a particle wavefunction into the corresponding
antiparticle wavefunction and vice versa. The parity operator P results in spatial inversion
through the origin.

Feynman rules introduced for QED are shown in Figure 2.2.

2.1.2 QCD Lagrangian

The theory of the strong interaction is described by a non-Abelian Yang-Mills gauge theory and
called Quantum ChromoDynamics (QCD). The underlying symmetry associated with QCD is
invariance under a local SU(3) transformation [38, p.244]:

GS — GS — Oyrc — gszBC%AGf, Y — exp(igex® - tc)z/J. (2.13)

where G, is a SU(3) gauge field, i.e., the gluon field. fapc is the structure constant of the SU(3)
colour group and t© is the generator represented by the Gell-Mann matrices, \¢ [39, p.6]:

1
t¢ = Z\°. (2.14)
2
Here the indices a and b run from 1 to 3, referring to the triplet representation of SU(3) for

the (anti-)quark field (¢)g, while A, B,C =1,2,--- ,8 are the colour degrees of freedom for G/,.
With a gauge covariant derivative [39, p.6] defined as

(D,u)ab = auéab + igs(thg)aba (2'15)

a Lagrangian density [39, p.5] for QCD can be given by

. 1 v
L= @il —man - JGLGE (2.16)
flavours
where
G[CI,’V = 8MG§ - auG,(f - gszBCGng- (2.17)

The third term on the right-hand side of Eq.(2.17) indicates that QCD has triple and quartic
gluon self-interactions.

However, unlike the Abelian QED case, the Lagrangian of Eq.(2.16) cannot give a pertur-
bative theory without an additional gauge fixing term [39, p.8]. To define the propagator of the
gluon field, a choice of gauge should be made:

1
ﬁgauge—ﬁxing = _ﬁ(aMGS)Q (218)
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Figure 2.3: QCD Feynman rules for gluons and quarks with A = 1 for the covariant gauge fixing
term.

which fixes the choice of covariant gauges with gauge parameter A\. Then to cancel unphysical
degrees of freedom which would propagate in the covariant gauges, a ghost field term also needs
to be added:

£ghos‘c = 3NWAT(DZBWB) (2.19)

where 7 is a ghost field obeying Fermi statistics.
In Figure 2.3, the QCD Feynman rules are shown specifically for the gluon propagator, and
gluons and fermions interactions with fixing A = 1 (Feynman gauge) [39, p.11].

2.1.3 Standard Model Lagrangian

The SM is described by a local SU(3)xSU(2)xU(1)y gauge symmetry, where the weak and
electromagnetic interactions are unified as electroweak interaction by a non-Abelian Yang-Mills
SU(2)xU(1)y group. The SU(2) group has gauge coupling g and gauge bosons W (a = 1,2, 3),
and acts only on the flavour of the left-chiral fermions (refer to e.g. [37, p.40] for chirality). The
U(1)y group, of which the generator is given by the weak hypercharge (labeled Y), has gauge
coupling ¢’ and gauge boson B, and acts on both left- and right-chiral fermions but with
different charges. After spontaneous symmetry breaking, the SU(2)xU(1)y group becomes
the U(1) group of QED (described in Section 2.1.1) where the photon is composed of a linear
combination of the neutral W boson and B. The Z and W¥ bosons, which are composed of
W<, B after the breaking, are the vector bosons responsible for the weak interactions and have
non-zero masses. The strong interaction is given in the SU(3) group as described in Section
2.1.2.
The SM Lagrangian density is given by the sum of a gauge, fermion, Higgs and Yukawa
Lagrangian [37, p.257]:
Lov = ﬁgauge + ﬁf + £¢ + Ly. (2.20)

The gauge Lagrangian (Lgauge) is defined by the field strength tensors of each group:

1 1 1
Lgauge = —ZG,SVG@” — Wa WL = {1 BuB", (2.21)
where G, is Eq.(2.17),
WS, = 0,Wg — 0,W — g WIW,, (2.22)
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and
B, = 0,B, — 0,B, (2.23)

for SU(3), SU(2) and U(1)y, respectively. These include the gauge boson kinetic energy terms,
and the three- and the four-point self-interactions for the SU(3) and SU(2) gauge bosons. The
U(1)y boson has no self-couplings.

The fermion terms of £, involve 3 families of quarks and leptons, of which each consists of
the left-chiral SU(2) doublets (up and down type quarks, or electron and neutrino type leptons)
and the right-chiral singlets. Thus the SU(2) group is not invariant under the parity symmetry.
The elements of each doublet transform into each other under the SU(2) symmetry. All the
fermion fields except the right-handed neutrinos carry the weak hypercharge, Y = (Q—1T3, where
@ is the electric charge and T3 is the third generator of the SU(2) group. Since the SU(2) and
U(1)y representations are chiral, no fermion mass terms are allowed*, and thus the fermion
Lagrangian consists of gauge-covariant kinetic energy terms only.

The Higgs Lagrangian (L,) consists of a complex Higgs scalar field (¢) and the Higgs
potential. The gauge covariant derivative allows three- and four-point interactions between the
gauge and Higgs fields. The Higgs potential is described in fourth order of the Higgs fields. The
vacuum expectation value of the Higgs field ((0|¢|0)) is non-zero after spontaneous symmetry
breaking, which then generates the SU(2) gauge boson masses. The potential gives the quartic
self-coupling of the Higgs fields.

The Yukawa Lagrangian (Ly ) represents the Yukawa couplings between the Higgs fields and
the fermions. The Yukawa couplings are required to generate fermion masses by the spontaneous
breaking of the chiral gauge symmetries, i.e., ultimately determine the fermion masses and
mixing angles which are in turn free parameters in the SM. A Yukawa coupling vertex conserves
the electric charge while chirality is flipped.

Explicit formulae for the fermion, Higgs and Yukawa Lagrangians can be found in e.g. [37,
p.258-276]. The given formulae describe the unbroken phase of the SM and change after the
spontaneous symmetry breaking. If a neutral component of the Higgs fields acquires a non-zero
vacuum expectation value after the breaking, the SU(2)xU(1)y electroweak symmetry is broken
to the U(1) symmetry of QED, generating masses of the bosons. W< and B are combined to
become the massive W+ and Z boson and the massless photon (now denoted by ), where Z
and 7 are composed with the weak angle defined to be

/

sin Oy = gg—, cos Oy = gi’ and gz =/ g2+ g2 (2.24)
VA Z

Then e = gy sin Oy = ¢’ cos Oy where gy = ¢g. Including higher-order corrections, the boson
masses are predicted to be My ~ 80 GeV and My ~ 91 GeV. The weak scale, which is the
vacuum expectation value, is determined to be ~ 246 GeV. The fermions have electric charges,
Q =Y + Tj, after the breaking.

The SM interaction vertices between fermions and bosons are shown in Figure 2.4. The
coupling constant (e, gs, or gyyz) can also be expressed by a dimensionless constant, which
is defined to be independent of the system of units used. For instance, the fine-structure
constant [38, p.§]

B e? 1
7 Ureohe T 137

(2.25)

is introduced as the intrinsic strength for the electromagnetic interaction. The QCD interaction
has intrinsically stronger strength with as =~ 1. The intrinsic strength of the weak interaction
is also greater than that of QED with a7 ~ 1 /30, but due to the large mass of the associated
bosons the effective strength is weaker.

*There is a possibility of Majorana mass terms for neutrinos.
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Figure 2.4: The SM vertices between fermions and bosons. Figure is taken from [38].

(a) Pseudoscalar mesons. (b) Vector mesouns. (c¢) Baryons.

Figure 2.5: Hadrons made of u, d, s and ¢ quarks, with figures taken from [40]. Particles denoted
by D and with subsript ¢, including J/1 of cé, are called charm hadrons.

2.2 Heavy-quark fragmentation

Many experiments have attempted to detect free quarks, however, they never have been observed
directly. To explain the non-observable free quarks, the hypothesis of colour confinement [38,
p.248-253] is proposed, although there is no analytic proof of the concept yet. This hypothesis
states that at low energies colour-charged particles cannot be isolated and are always confined to
colour singlet states. The quarks carry colour charge, and their interactions with virtual gluons
are attractive. These interactions squeeze the colour field between the quarks into a tube where
the energy density between the quarks is constant at relatively large distance. This results in an
energy proportional to the separation of the quarks. This means that it would require an infinite
amount of energy to separate two quarks to infinity. Consequently, in detectable final states,
the colour-charged particles are bound to each other in a hadronic state which is colourless
and there is no colour field between hadrons. With the confinement hypothesis, gluons are also
confined to colourless states and do not propagate over large distances unlike photons.

In other words, quarks are observed in experiments always as hadronic states. For instance,
hadrons made of u, d, s and ¢ quarks are shown in Figure 2.5 (further details of quark model
in [40]). The hadrons containing at least one ¢(¢) in Figure 2.5 are called charm hadrons (further
details of the charm hadrons in [41]). Beauty hadrons can be found in e.g. [42]. Top quarks
decay before hadronization with short lifetimes.

The associated hadronization process can be described by fragmentation functions Dzh(ac, u?)
(i = q,q,g) which represent a measure of the probability density that an outgoing parton
produces a hadron h [42]. Here, x is the fraction of the parton’s momentum transferred to the
hadron and p is factorization scale. The fragmentation functions satisfy the standard Altarelli-
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Parisi equation (a.k.a, DGLAP evolution equation), of which initial values at a scale ug of the
order of the heavy-quark mass are perturbatively calculable [43]. However, the actual form of the
fragmentation functions is non-perturbative at the pole mass scale and below. Inclusion of the
non-perturbative effects is done by convoluting the perturbative result with a phenomenological
non-perturbative form, so-called non-perturbative fragmentation function DN (z).

There are generally used DNFs for both charm and beauty like e.g. Peterson [44] and
Kartvelishvili [45] which have single non-perturbative parameters. Specifically, the Kartvelishvili
function is defined as

DNP(z) = (ag + 1)(ax + 2)2°% (1 — ), (2.26)

where o is a non-perturbative parameter. The non-perturbative parameters need to be fitted
together with some model of hard radiation, which can be either a shower Monte Carlo (MC),
a leading-log or next-to-leading log calculation, or a fixed order calculation [42]. Depending
on the convoluted model, the fitted parameters can differ. More dedicated parametrizations
for charm are also available by so-called BCFY functions [4,46] for each D, DT and D**, of
which the underlying theory is introduced separately for pseudo-scalar and vector states (further
details can be found in [46]). All these functions are described by a single parameter 7. In this
thesis, the BCFY functions were taken as the reference for kinematic distribution of charm
hadrons (specifically for D® and D**). The non-perturbative parameter for these functions was
extracted by fitting to measurements, of which examples will be discussed further in the next
chapter.

The probability of a quark to fragment into a hadron state is determined by experiments,
of which the results are given by so-called fragmentation fractions. Since the total charm-pair
cross section in ete™ collisions (0g+.—_,¢z) can be precisely calculated in the SM [47] (refer also
to the next section), the fragmentation fractions in eTe™ collisions can be defined as

fle— H) = —TH (2.27)
Oete——ce
where oy, is the total charm-hadron cross section. In contrast, the kinematics of the final
states cannot be clearly known with proton(s) in the initial states in ep and pp collisions. As
a result, the production predictions cannot be calculated as precisely as in eTe™ collisions,
and the fragmentation fractions should be measured by considering all the final states. The
fragmentation fractions are defined then as

flem H)y = =28 (2.28)
Ew.d‘UHC

where the sum is given over all the known weakly-decaying ground states.

2.3 Heavy-quark cross section in electron-positron annihilation

By taking advantage of well known kinematics for the initial states in eTe™ collisions, non-
perturbative fragmentation functions and fractions have been mostly determined based on e*e™
data. For instance, hadrons can be measured in variables of the scaled energy (xg) or the scaled
momentum (z,) [48] defined to be

E _ 7]

= Tmax’ TP T Tomax
E ||

zp (2.29)
where E™® = /5/2 and ™ = |/s/4 —m? (my is mass of hadron). This leads to mea-

surements for the non-perturbative fragmentation functions (see Section 3.3). Furthermore,
production cross sections in eTe™ collisions can be predicted precisely compared to those in
ep and pp collisions involving proton(s) as initial state. As a result, quantities like ratios of

10
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the production cross sections between a lepton pair and hadrons are well known both experi-
mentally and theoretically, which then can be used as reference for e.g. fragmentation fraction
measurements. Since these measurements were taken as inputs for the extrapolation in Chapter
6, these quantities will be introduced further in this section.

Let me start with introducing predictions for a lepton-pair production represented by a QED
annihilation process of ete™ — pTp~. To compute cross sections, the Lorentz-invariant matrix
element, M, needs to be derived first. Using Feynman rules, —iM can be immediately derived
by producting all elements present in Feynman diagram. For instance, ete™ — uTp~ has a
single Feynman diagram at the lowest order (i.e., Leading Order, LO), which is shown in Figure
2.6. The amplitude of Figure 2.6 can be written by following the QED Feynman rules shown
in Figure 2.2:

it = (ato)-iero(on) ) (72 ) () -iher” o) ). (2.30)

If the Mandelstam variables

(p1 +p2)2 =S,
(p1 — p3)®> =t and
(p1—pa)* =u (2.31)

are introduced in the high energy limit (y/s > m., m,), the spin-averaged amplitude squared
of Eq.(2.30) can be written as

1 2 +u?
1 D> M = 2€4< = > (2.32)

This results in the total cross section at the lowest order [38, p.137]:

Ao

7= 3s

(2.33)

In addition to the lowest-order diagram of Figure 2.6, there are an infinite number of higher-
order diagrams resulting in the same final states. For example, one-loop corrections are shown
in Figure 2.7. The matrix element is then given by the sum of all individual amplitude:

M=aMpo+a®> Myj+a®y M+, (2.34)
J J

where M ; and My ; are the amplitudes factored out of o with 4 and 6 interaction vertices,
respectively. This results in the QED perturbative expansion in terms of « for the total amplitude
(|M]?), where e.g. o2, o® and o terms refer to the LO, NLO and NNLO terms, respectively.
Since « is less than 0.01, the perturbative theory results in the O(99%) accuracy already at LO.

Figure 2.6: The lowest-order Feynman diagram for et (p2)e™ (p1) — u™ (pa) ™ (p3).

11
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Figure 2.7: Examples of one-loop correction for ete™ — utu™.

q

—>

+
— 4,

@ = e(d®) e(q?)
+

Figure 2.8: The photon self-energy terms absorbed into coupling constant.

In the case of QCD perturbation, oy = g2 /4w requires much higher-order terms to achieve the
same precision as QED predictions at LO.

However, the loop corrections on the photon propagator (the first term in Figure 2.7) result
in virtual fermions and eventually give divergent results. The infinite series of these corrections
are called the photon self-energy terms. The photon propagator with these self-energy terms is
expressed by an effective formula [38, p.256]:

e(®)? €2 1

P = = —
q? q? 1 — e2T1(q?)

(2.35)

where 7(q?) = ¢*I12 is a correction factor of each loop. With the physical electron charge which
is known at a reference scale u, the infinities are renormalized away and the coupling strength
is given by a running coupling constant

a(y?) .
- a(;ﬂ)giTr In (ZZ)

In this way, the infinities associated with the self-energy terms are absorbed into the definition
of Eq.(2.36) as illustrated in Figure 2.8. With this running coupling, the perturbative theory
now can be applied for the physical quantity.

In analogy with lepton-pair production, the LO amplitude of quark-pair production, ete™ —
qq, can be calculated this time with different coupling constants. As a result, the total cross
section at LO is [38, p.260]

alg®) = (2.36)

_ _ 4o
Tem —qq) =3 x 2 Q: (2.37)

where @) is the electric charge of quarks. Here the factor of 3 comes from the sum over the
three possible colour combinations of the gg pair.

o(e
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Figure 2.9: R, comparison with experimental measurements as a function of /s. Figure is
taken from [38].

Then, the inclusive hadronic cross section, o(eTe™ — hadrons), can be given by the sum of
o(ete™ — qq) (Eq.(2.37)) over the flavours [38, p.261]:

4o 9
o(ete” — hadrons) = 35 3 Z Qg (2.38)
5 flavours

Here note that this is given at a center-of-mass energy /s > 2m,. A more convenient formula
can be given by taking a ratio relative to the lepton-pair cross section, e.g.:

o(ete™ — hadrons) 9
R =3 . 2.39
H 0-(€+€_ _> M+M_) Z Qq ( )

flavours

A comparison to experimental measurements as a function of /s is shown in Figure 2.9. The
dashed lines indicate the LO results by Eq.(2.39). For instance, above the thresholds of c¢
production (~ 3 GeV), Eq.(2.39) results in

R, =3x(-+-+—-+-)=—+ (2.40)

where u, d, s and ¢ are accounted for in the calculation.

However, as it is shown in Figure 2.9, the LO predictions (the dashed lines) disagree with
the measurements at the level of approximately 10 %. To resolve this discrepancy, higher
order corrections should be added. Examples of NLO corrections for this process are shown in
Figure 2.10. Since the QED higher-order corrections are relatively small compared to the QCD
corrections (« is much smaller than « as mentioned), the dominant correction comes from the
QCD corrections. If the first-order QCD correction from ete™ — ¢gg is added, the prediction
is modified to [38, p.263]

R, =3x (1 + O‘(WQ2)) 3 Q2 (2.41)
flavours

This then gives an excellent agreement with the measurements as shown in Figure 2.9 by the
solid lines. Further higher order QCD corrections can be found in [49], although the effects are
not significant. These well known quantities were used in [47] to verify the total charm cross

13
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] e e

Figure 2.10: Examples of NLO corrections for the inclusive hadronic cross section o(ete™ —
hadrons).

section calculation which was taken as an input to measure fragmentation fractions in ete™
collisions according to Eq.(2.27). Here the fragmentation fraction measurements were used as
inputs for the extrapolation in Chapter 6.

2.4 Heavy-quark cross section in hadron-hadron scattering

In this section, predictions for heavy-quark production in pp collisions will be discussed up
to the highest orders known today. Predictions of the inclusive total cross section will be
discussed up to NNLO in Section 2.4.1, which were taken for comparison to total charm cross
section measurements and for constraining QCD parameters in Chapter 6. Differential cross
section predictions up to NLO+NLL will be introduced in Section 2.4.2; which were taken for
comparison to D** and D° measurements as a function of transverse momentum and rapidity
in Chapter 5 and for the extrapolation of the measurements in Chapter 6.

In case of collisions involving (anti-)protons, the exact momentum and even the flavour of
initial states are not clearly known due to colour confinement. Therefore, experimental inputs
are required to account for the non-perturbative phenomena not only in final states, but also
in initial states, unlike the previous eTe™ case. PDFs, which were determined by fitting to
experimental data, describe the probability density of finding a parton in the hadronic initial
states.

In addition, the non-perturbative fragmentation functions and fractions are applied in the
differential cross section predictions for the purpose of comparison to measurements. The differ-
ential cross section predictions were modified for the extrapolation to treat non-universal charm
fragmentation, of which details will be given in Chapter 6.

2.4.1 Total cross section

A process of heavy-quark production in pp collisions can be given by

Hi(P) + Hy(Py) — Q(p3) + Q(ps) + X (2.42)

where X is an inclusive hadronic final state which also contains the beam remnants from the
initial hadrons, Hy and Hy. Here heavy quarks are distinguished from light quarks (u, d and s)
and denoted by Q.

Based on the so-called QCD factorization, the perturbative and non-perturbative regime
can be factorized at the so-called factorization scale, p1y. This means that the cross section can
be given by the convolution of the perturbative partonic cross section (6;;) and the partially
non-perturbative PDFs (f; ;) for the initial partonic states i and j:

o(P,P) = Z/d$1d962f1;($1>Mf)fj($27ﬂf)&ij(s>maufaOés), (2.43)

1,

14



Heavy-quark cross section in hadron-hadron scattering
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P1 L1147 S= Z129S " P2 Lol j
P3
Q

Figure 2.11: Diagram for heavy-quark production in hadron-hadron scattering. Two hadrons
with four-momenta P; and P collide at the hadronic center-of-mass energy v/S. The hard
scattering is induced by two initial partons ¢ and j with four-momenta p1 = 1P} and ps = 29 P,
respectively. As a result one heavy quark @ and its anti-quark @ are produced with momenta
p3 and py, respectively. The dashed lines indicate partons which do not participate in the hard
scattering.

where m indicates the heavy-quark mass. The initial partons with momenta, x1P; and z9Ps,
participate in the hard scattering (refer to Figure 2.11) and contribute to the partonic cross
section. With the initial partons being almost massless relative to the heavy final states, the
partonic center-of-mass energy is /s = v/Z1225 where /S = P| + P, is the hadronic center-of-
mass energy.

In the fixed order QCD perturbation theory, the partonic cross section ¢ in Eq.(2.43) can
be written in terms of so-called scaling functions f;; which are dimensionless [5]:

2
. o
O'ij(S,m,,u,Oés) = misgfl](pv :u) (244)
where
0 0 20
fij = fi(j) + 47ra8fi(j1 ) + (47ra8)2fi(' : + O(ai’), (2.45)
m2
and p = ——. To eliminate ultraviolet divergences in the QCD perturbation theory, renor-

S
malization should be introduced, in analogy with the QED case in Section 2.3. As a result, a
running coupling constant in QCD is introduced in leading order as

0 1) by — 382N,

2\’ 12
1+m%m%m(;) g

r

(2.46)

048(‘12) =

where p, is renormalization scale (the derivation of this equation can be found in Appendix K).
For an arbitrary parameter p, the cross section, which is the physical observable, should
satisfy

—o=0. (2.47)
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Figure 2.12: Feynman diagram for ¢ — QQ. Thin lines indicate light quarks and thick ones
are heavy quarks. Indices, a, b, ¢ and d denote colours.

A solution of Eq.(2.47) can be given with the two arbitrary parameters, pu, and ps:

as(up) = as(iy) [1 - as(ur){bo In <§‘>}
ol () o ()

2
7
I
a2 {Sboblln (2‘)} )] (2.48)

where g1y ~ . The details to derive Eq.(2.48) can be found in Appendix K. The scaling
functions are now expressed as [5]

= 19+ aman {590 4 180 (1) 4220 g0 (1))

2
m? 17
M2 22) N?f
e Ry A Y R
bo 0 5 bt @) (£ b0\ (1
(3 fZJ +2(47r)2 5 | In H?c +3 yp fi; In M?v
bo (1) 12 '“?” 3
= In In(—L 2.4
+34 fii <,u,? n{ + O(ay) (2.49)

with Eq.(2.48).

The partonic cross section at LO includes two subprocesses: quark-antiquark annihilation
and gluon-gluon fusion.

First, the quark-antiquark annihilation includes one Feynman diagram which is shown in
Figure 2.12. Following the Feynman rules shown in Figure 2.3, the matrix element of Figure
2.12 is given by

M= () Catitotm) ) (o ) (-t ). (250

where tf‘j = thch (t,j =1,---,3) with ¢; j are colour vectors for quarks. It was shown in [50]
that this results in the initial quark spin- and colour-averaged amplitude-squared

fZ\MP 4”0‘8) (2 + u2 + 2m?s) (2.51)
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K.
€13

€5; B

(a) s-channel

P1 D3 P1 o

ey A 00999009900 ———— ¢ ey A 90999009000 ——— (
p1 —Dp3yY P1 —DpaY
2 2
eg;ngwww+d eg;B\ngwa——>—c
y2! p3
(b) t-channel (c) u-channel

Figure 2.13: Feynman diagrams for the gluon-gluon fusion. Thick lines indicate the heavy
quarks. Indices ¢ and d are for the singlet colours and A and B are for the octet colours. e
indicates the gluon polarization where €; = €(p;), i = 1, 2.

with kinematic variables defined to be

(p1 + p2)2 = s,
(1 — p3)2 —m? =+t and
(p1 — p4)2 —m? =u. (2.52)

Eventually, 644 at LO can be expressed as [5]

. 473 1
Oqq = aiyg (3-5% (2.53)

where 8 = /1 — p.
In case of the gluon-gluon fusion process, three Feynman diagrams which are shown in Figure
2.13 need to be considered. The amplitude for these diagrams is

iMy = — go fAPC g™ (p1 — p2)° + " (2p2 + p1)* — 7" (2p1 + po)")él'ey

x (W)a@g)wgstwv(m) (2.54)

for the s-channel,

z(gﬁ—g@—km)

(p1 — p3)? — m?

My = u(pg)(—i)gstg’y“e’f[ ](—i)gstgﬂ”egv(pzl) (2.55)

for the t-channel and

i(ph — pa +m)

(p1 — pa)? —m?

iMy = (ps) (—1)gutBres [ ] (—i)gst el o(py) (2.56)
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o

) gg-annihilation. ) gg-fusion.

Figure 2.14: Examples of real emissions.

P Dan 9

) gg-annihilation. ) gg-fusion.

Figure 2.15: Examples of virtual corrections.

for the u-channel, where € is the gluon polarization. These result in six amplitude-squared
terms for all the possible combination of the s,t and u channels, which in turn can give e.g. a
differential cross section [50]

d?6
2 799 _ 25 t
Jidu, TS0 Tl )
=3/t +ud  4Am? 1/ur  t1 9m*+4m?3s 2 mts?

X At —F+— . 2.57
[8< 52 - s +6 t1+u1+ t1ug 3t%u1 ( )

Gg4g at LO can be expressed as [5]

3 1 1+

600 = 75 < {(33 — 1842 + %) In <1_g> — 598 + 3153}. (2.58)

Higher order predictions beyond LO include gluon real emissions and virtual corrections.
Examples for NLO corrections with real emissions and virtual corrections are shown in Figure
2.14 and 2.15, respectively. Furthermore, quark-gluon scattering process starts to contribute
beyond LO, of which examples are shown in Figure 2.16. To complete the NLO prediction, at
least total 37 master integrals are required [51], which is a challenging computation. The NLO
prediction is completely known at NLO to date for the inclusive total cross section, of which
analytic results can be found in [51].

In case of gluon real emission, if a gluon is emitted with low energy (soft) or in the same
direction as the original quark (collinear), large logarithmic contributions appear. The loga-
rithms of the form af In™ 5 (m < 2n and f — 0 at threshold limit) [52] can be resummed

Figure 2.16: Examples of gg-scattering at O(a3).
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Figure 2.17: Comparison of approximate (labeled as “1PIgcgr”) and complete (labeled as “Ex-
act”) NNLO for gg-fusion and ¢ annihilation. The complete NNLO includes both the threshold
and high energy enhancement, while the approximate NNLO contains threshold corrections only.
n =1/p — 1. Figures are from [50].

using the soft and collinear factorization [53,54]. This resummation can improve the agreement
with respect to the experimental result where low energy contributions dominate. However,
for high energy experiments, e.g., at the LHC, large logarithmic contributions appear apart
from threshold-enhanced logarithms. In the high energy regime, partons scatter at a partonic
center-of-mass energy which is much larger than the mass scale (s > m) and p — 0. In this
limit, resummation of the high-energy logarithms can be introduced in the framework of PDFs
unintegrated in the transverse momentum kz [55] and the concept of kp-factorization [55-60).
This resummation accounts for the high energy contribution. These logarithmic corrections can
be used e.g. to approximate NNLO.

Today, the prediction of the total cross section is completely known up to NNLO. In other

words, all coefficient functions up to NNLO in Eq.(2.49) are known; fi(jlo) and fi(jn) in [61],

£2Y in [62,63], 5" in [5,64], f5” in [65], and £ and £ in [66]. In Figure 2.17, this

complete NNLO (the solid black curve) is compared to approximate NNLO (the dashed black
curve labeled as “1PIgcgr”) which includes the threshold corrections only, to show the effects
of threshold or high energy enhancement. The approximate NNLO is derived by integrating
differential cross section provided in [52], of which detailed calculations were shown in [50].
Figure 2.17 shows that the two predictions agree well at the low energy scale (i.e., 7 is small where
n=1/p—1). At the high energy scale (7 is large), the approximate NNLO has zero contribution
by definition, while the complete NNLO contains the significant high energy corrections. The
effect of NNLO correction at high energy is more significant in charm production compared to
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Figure 2.18: Partonic total cross sections of gg, qq and qg processes at LO, NLO and NNLO
with top (top), beauty (middle) and charm (bottom) pole masses. 7 =1/p — 1, and 7max refers
to a reference scale indicating 95% of total cross section. Figures are from [50].

beauty and top ones. In Figure 2.18, the cross sections of gg, ¢ and qg processes are shown at
LO, NLO and NNLO with different masses of charm, beauty and top. Referring to mmax, which
indicates 95% of the total cross section as a reference scale, contributions of the high energy
corrections especially at NNLO are significant in charm production. To date, the predictions
are known up to NNLO also for the differential cross section in case of top [1] and beauty [2]
production, while those for charm production are still missing. It is shown that predictions of
e.g. total beauty cross section derived from the theory given in [2] agree well with the complete
NNLO predictions (refer to [2]). At the end of this thesis, the total charm cross section measured
from LHC experiments will be compared with the complete NNLO prediction.

2.4.2 Differential cross section

With the non-perturbative fragmentation function and fraction, the differential cross section is
given for the heavy-quark hadron (Hg) production as

dor, = fHg - (dog ® DgiHQ)v dog = fif; ® do;. (2.59)

where fp, is the fragmentation fraction, dog is the differential cross section of heavy-quark
production and Dgi Ho is the non-perturbative fragmentation function which is factorized out
from dog, again using the QCD factorization theorem.

To date, the highest available order for differential cross section predictions as a function of
transverse momentum (pr) or (pseudo-)rapidity ((n)y) for charm is NLO+NLL which is also
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known as FONLL [4,43]. In this thesis, the prediction of the differential cross section is thus
provided by FONLL for comparisons to and extrapolation of measurements in Chapter 5 and 6.
FONLL is based on resummation of the logarithms of the form a2 (o logpr/m)* (Leading Log,
LL) and a?(aslogpr/m)* (Next-to-Leading Log, NLL) with y, and i, defined of the order of
pr [43]. This resummation is based on the evolution of perturbative fragmentation functions
via the standard Altarelli-Parisi equation (refer also to Section 2.2). [43] says:

The perturbative fragmentation functions, evolved up to any scale y ~ pr via the
Altarelli-Parisi equations, can be used to evaluate heavy-quark cross sections in the
large-transverse-momentum region by convoluting them with short-distance cross
sections for massless partons, subtracted in the MS scheme. The heavy quark is
also treated as a massless active flavour, and therefore also appears in the parton
distribution functions of the colliding hadrons and in the evolution of the strong
coupling constant.

In this thesis, the theoretical prediction of charm hadron (D** or D°) production was

calculated with m. = 1.5 GeV and p, = py = po where pg = y/m? —i—p%. PDF sets were
given by CTEQ6.6 [67] as a proxy of PROSA_VFNS; a modern PDF set PROSA [68] was fitted
including low-z charm measurements without assuming universality of charm fragmentation but
uncertainty sets are provided only for a Fixed-Flavour-Number Scheme (FFNS), while FONLL
requires a Variable-Flavour-Number Scheme (VENS). The BCFY function [46] was taken as the
non-perturbative fragmentation function.

Then, the theoretical uncertainty was determined by

Ai = \/Ai,scales + Azi,mass + A?I:,PDF’ (26[))

where A4 gcaless A+ mass and Ay ppr are scale, mass and PDF uncertainty, respectively. Up to
the highest order known today, the theoretical uncertainty is dominated by the scale uncertainty.
The scale uncertainty was calculated by varying each scale by a factor 2 up and down and
taking the envelope. In other words, cross sections were calculated for seven scale sets within a
constraint 0.5 < p¢/p, < 2, which are

(kg pr) € {(1os p0), (2.61)
(ZHOa 2”0)7 (2/"'07 M0)7 (/”‘07 2/”’0)5
(0'5M07 O5,LLQ), (05,“07 M0)7 (,U’07 O5lu0)})

and the scale uncertainty was determined by the maximum and minimum deviations. The mass
uncertainty was determined with m,. = 1.3 and 1.7 GeV by taking the envelope again. The
CTEQG6.6 PDF uncertainty is defined as asymmetric error:

n/2 9
AOy = Z {maX[Ozk_l — Og, O, — Oy, 0] } (2.62)
\i=
n/2 9
AO- = \ {maX[Oo — O21—1, O — Oy, O]} ,
k=1

with 44 error sets in total.

21



Chapter 2. Theoretical Particle Physics and Heavy-Quark Production

(a) String model. (b) Cluster model.

Figure 2.19: Parton shower with hadronization model, e.g., for ete™ — hadrons, with figures
taken from [39].

2.5 Parton shower and hadronization model

In QCD, final state quarks generate an indefinite number of gluon emissions losing part of
their energy until they eventually become hadrons. An approximate perturbative treatment of
this parton cascade, parton shower [39, p.157-158], is introduced with resummation of soft and
collinear gluon emissions. As mentioned, there are contributions when a soft gluon is emitted
or when a gluon splits into two almost collinear partons. The leading contributions of these
soft and collinear emissions and the corresponding virtual corrections can be identified and
summed to all orders. This improves the convergence of the perturbative series. The soft and
collinear enhancements are associated with parton branchings on outgoing lines of Feynman
diagrams, which lead to parton showers implemented in QCD Monte Carlo (MC) program.
QCD dynamics at a scale larger than A, which is typically order of 1 GeV as the perturbative
regime, is described by the parton shower in MC. Then the dynamics at lower scale than A is
treated by a non-perturbative model of hadronization process.

For the hadronization process, there are typically two models interfaced to MC event gener-
ators: string [69,70] and cluster [71] model. In the string model [39, p.187-188], for example the
produced quark-pair in eTe™ annihilation loses energy to the colour field and the string breaks
up with forming separate colourless states as similar to the independent fragmentation of the
simple quark-antiquark system. During the evolution of the parton shower, strings are con-
nected between the various endpoints, and the gluon which at the end of the shower determines
the jet final states. Each string segment then breaks up into hadrons as shown in Figure 2.19a.
On the other hand, in the cluster model [39, p.188-190], the gluons split non-perturbatively into
quark pairs to form colourless clusters after the perturbative jet development. Each cluster then
decays into hadrons accounting for the multiplicities of the various kinds of hadrons observed in
ete” final states (see Figure 2.19b). Among the general-purpose MC generators, PYTHIA [30],
HERWIG [72] and SHERPA [73], PYTHIA is based on the string model and the other two are
based on the cluster model.
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Heavy-Quark Production

Particle physics experiments are designed to detect and identify particles produced in high-
energy collisions [38]. Ounly a few of the particles which can be produced are stable: electron,
proton, photon and, effectively undetectable, the neutrino. The particles with lifetimes long
enough to propagate over several metres when produced in high-energy collisions can be directly
detected, which include muon, neutron, charged pion, and charged kaon. In contrast, short-lived
particles which decay before they travel a significant distance from the point of production, are
detected only via their decay products.

3.1 Particle colliders

High energy experiments can be achieved by colliding two beams in accelerators where the
particles collide in the center-of-mass frame. With the colliding beams, the laboratory frame
is almost coincident with the center-of-mass frame, thus the center-of-mass energy can coincide
with the sum of the energies of the two colliding beams. The center-of-mass energy determines
the types of particles to be studied and discovered. The resulting event rates are determined
by the instantaneous luminosity £ of a machine. The number of interactions is then

N = J/E(t)dt (3.1)

where o is the cross section for a given process and L is integrated over the livetime of the
operation of the machine. The instantaneous luminosity can be calculated [38, p.27] by
nin
L=f—2 (32)

dmooy

where n; and ns are the numbers of particles in the colliding bunches of frequency f, and o,
and o, are the root-mean-square horizontal and vertical beam sizes. This relation is assuming
that the beams have a Gaussian profile and collide head-on. In practice, an accurate a priori
calculation of £ is not possible since the transverse profiles of the beams are not known precisely.
Thus a cross section measurement is given with a reference process of orer and Nyef:
N
o O'refNref. (3.3)
To achieve high energies, only charged stable particles are used such that colliding beam
machines are restricted to accelerating eletron, proton and their antiparticles. In this thesis, the
high energy measurements are discussed specifically with experiments from the eTe™ collider
LEP [74,75], the eTe™ colliders (also known as B-factories) CESR [76], DORIS [77], SLAC [78§]
and KEKB [79], the ep collider HERA [80], and the pp collider LHC [81].
All of these colliders are based on circular accelerators such as synchrotrons except the
linear accelerator at SLAC (B-factory). Depending on the experiments, the details of the
accelerator complex are different, although a typical synchrotron layout is given in the following.
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In synchrotrons, particles are preaccelerated with an electrostatic and a linear accelerator.
These preaccelerated particles are then injected into a ring, which is surrounded by a set of
(superconducting) magnets to deflect the particles. The injected particles are further accelerated
through Radio-Frequency (RF) electric fields in resonant cavities between the magnets. This
confines the bunches of particles to stay on the same orbit of the ring with gradually increasing
magnetic field.

Specifically, the CERN accelerator complex (Figure 3.1) was constructed for both the LEP
and the LHC colliders. First it was operated for the LEP collider until 2000 [82, p.53]. In the
first phase, a linear accelerator (LIL) and the Electron and Positron Accumulater (EPA) were
built to accelerate electrons and positrons up to 600 MeV. In the second phase, the Proton
Synchrotron (PS) and the Super Proton Synchrotron (SPS) were upgraded to accelerate the
particles up to 3.5 GeV and 20 GeV, respectively, by making electrons and positrons to move in
opposite directions. Then in the third phase, the large ring of 27 km was put into operation. At
LEP, four bunches of electrons and positrons were accelerated and circulated in the collider for
a few hours. In the ring, the bunches were kept vertically separated in one set of four regions
and brought to collide in the other set of four regions. To obtain higher possible luminosity, the
beams were focused to reduce the transverse dimensions before collisions. Then, the ALEPH,
DELPHI, L3 and OPAL detectors were installed around each of the four interaction points.
The LEP magnets were made of iron and concrete of low cost, and very a low magnetic field
of 0.2 — 0.4 Tesla was used to reduce the energy loss through bremsstrahlung (see also later).
In the first phase, normal RFs were used, which were later replaced by superconducting RF to
reach energies up to 130 — 209 GeV. Eventually, the maximum beam energy was 104.6 GeV
with an integrated luminosity of 0.275 fb™! [42, p.544].

In 2000, LEP was dismantled in order to use the tunnel for the LHC collider. The LHC
uses a total of ~ 10,000 superconducting dipole magnets. Due to the acceleration of protons,
the synchrotron radiation is weaker compared to the LEP collider using electron beams. A
linear accelerator, Linac4, generates negative hydrogen ions. Then the Proton Synchrotron
Booster (PSB) strips out electrons from the ions to leave one proton only. The protons are then
accelerated and injected into the PS and the SPS to increase the energies further. Protons are
accelerated from 450 GeV to 6.8 TeV while the magnetic fields are increased from 0.54 to 7.7
Tesla. The LHC Run 1 started in 2009 and ended in 2012, where pp collisions were produced at
Vs = 0.9, 7and 8 TeV with an integrated luminosity of ~ 0.3 nb™', 6.1 and 23.3 fb~! [42, p.546],
respectively. After the first long shutdown, the LHC Run 2 followed in 2015-2018 at /s = 13
TeV with an integrated luminosity of 160 fb™! [42, p.546]. In the current Run 3, which started
in 2021 (with commisioning runs), the center-of-mass energy was successfully increased up to
13.6 TeV, while some commisioning runs were taken at /s = 0.9 TeV [83]. Further upgrades
are scheduled for the High-Luminosity LHC (HL-LHC) to deliver an integrated luminosity up
to 3000 fb~! at \/s = 14 TeV. The large detectors, ALICE, ATLAS, CMS and LHCb for the
LHC are placed in the four interaction points and used for various experimental studies.

3.2 Particle detection

Particles lose energy when passing through matter in various processes. For instance, all charged
relativistic particles passing through a medium lose energy by ionisation of the atoms. The
particles collide with the electrons of the atoms inelastically, and the energy loss per path
length unit (%) is given by the Bethe-Bloch formula [42]. In Figure 3.2, the mean rates of the
energy loss ((—%}) are shown as a function of particle momentum through liquid hydrogen,
gaseous helium, carbon, aluminum, iron, tin, and lead. In the case of the muon, the ionisation
is the dominant energy-loss process except at very high energies (e.g., = 100 GeV) and thus
the muons travel a significant distance even in dense materials. This means that the muons are

highly penetrating to pass through the entire detector and leave a trail of ionisation. In contrast,

24



Particle detection

CERN Accelerators

CMS
o

LEP / LHC
3
*
%"§
SPS
L3
% DELPHI
ALICE 7
ATLAS  _J” LHC-B
West Area
4 . 5
3 5 ¢
2 2
TTL2 B
e
LIL
&
g South Area
P Pbions
LEP: Large Electron Positron collider LPI: Lep Pre-Injector
SPS: Super Proton Synchrotron EPA: Electron Positron Accumulator
AAC: Antiproton Accumulator Complex LIL: Lep Injector Linac
ISOLDE: Isotope Separator OnLine DEvice LINAC: LINear ACcelerator
PSB: Proton Synchrotron Booster LEAR: Low Energy Antiproton Ring

PS: Proton Synchrotron

Figure 3.1: Schematic layout of the CERN accelerators. The figure is from [75].
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Figure 3.2: Mean energy loss rate in liquid hydrogen, gaseous helium, carbon, aluminum, iron,
tin, and lead. Figure is taken from [42].
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> |
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Figure 3.3: Example of a silicon tracking sensor. Electron-hole pairs, which are created by a
traversing particle through the silicon, drift by a potential V. Triggered electronic signals are
amplified and transferred to be analyzed. Figure is taken from [38].

electrons lose energy significantly also via the bremsstrahlung process. Charged particles radiate
a photon in the electrostatic field of a nucleus above a critical energy, and the energy loss rate
is inversely proportional to the particle mass squared (m?) (see e.g. [38, p.18] and [82, p.20]).
Thus the energy loss rate of an electron by bremsstrahlung increases by (me/m,)? relative to
that of a muon. Detailed discussions of the energy loss for high-energy experiments can be
found further in e.g. [42, p.549-564].

Since the charged particle leaves a trail of ionised atoms and liberated electrons through the
medium, the trajectory of a charged particle can be reconstructed by detecting this ionisation.
Various detectors are optimized depending on the type of radiation in a given energetic range.
There are some parameters to characterize detector operations; typically detector efficiency (e),
dead time, and time/spatial/energy resolution [82, p.31]. Specifically, the detector efficiency is
the probability that a detector records a radiation, which is given by

N rec
N

€= (3.4)
where N, is the recorded particles and N is the number of particles which traverse the detector.
This is usually determined by MC simulation studies. Among various detectors introduced in
high-energy experiments, semiconductor tracking detectors will be discussed in this chapter and
a few more in the next chapter. More details also can be found in e.g. [42, p.565] and [82, p.30-
42].

The semiconductor detectors provide outstanding performances in terms of all three of time,
spatial and energy resolution also in combination. The ATLAS and CMS experiments at the
LHC, for example, use the semiconductor technology implemented in silicon pixels and strips
to track and reconstruct charged particles. When a charged particle traverses a doped silicon
wafer, electron-hole pairs are created by the ionisation [38, p.15-16] as shown in Figure 3.3. The
holes drift in the direction of the electric field produced by a potential (V') applied across the
silicon, and are collected by p-n junctions. Then the information is transformed into electric
signals to be analyzed. The trajectory of the charged particle track can be reconstructed by
constructing tracking detectors with several cylindrical surfaces of silicon wafers as shown in
the left panel of Figure 3.4. If a large solenoid surrounds the tracking detectors to produce a
uniform magnetic field with the magnetic flux density B, the trajectory of the particle forms a
helix with a radius R and an angle A (Figure 3.4) by the Lorentz force:

pcosA x BR (3.5)

where p is the particle momentum. Therefere, if the parameters, R and A, are determined by
measurements in the tracking detectors, p can be reconstructed. Details of the semiconductor
technologies implemented in the CMS detector will be introduced in the next chapter.

As mentioned, a high-energy charged particle radiates photons by the bremsstrahlung pro-
cess and can produce electron-positron pairs. This process continues to produce a cascade
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Figure 3.4: Track reconstruction of a charged particle in a silicon detector. The curvature
parameters, R and )\, which are measured by the detectors, determine the particle momentum.
Figures are taken from [38].
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Figure 3.5: Electromagnetic shower induced by the bremsstrahlung process. Figure is taken
from [38].

of photons, electrons and positrons (i.e., electromagnetic shower). Similarly, a primary high-
energy photon also produces a shower as shown in Figure 3.5. The energies of the electromag-
netic shower and the hadronic shower are measured in electromagnetic calorimeter and hadron
calorimeter, respectively. With the relatively large distance of nuclear interactions, the hadron
calorimeter occupies a large volume compared to the electromagnetic one.

3.3 Heavy-quark production measurements

Since quarks are observed always as hadron states in experiments due to colour confinement,
non-perturbative hadronization/fragmentation cannot be predicted by theory and thus should
be determined by measurements. Furthermore, recently the non-universality of charm (and
beauty) fragmentation was reported from the LHC experimenets. Therefore, providing measure-
ments of heavy-quark production is essential not only for tests of QCD but also to understand
the fragmentation mechanism and to provide proper fragmentation inputs. Direct measure-
ments of the kinematic spectrum of fragmentation (the fragmentation function) can be possible
in eTe™ collisions. Meanwhile, ep or pp data provided as a function of transverse momentum
or (pseudo-)rapidity can be an indirect observation of the fragmentation effects. The average
effects of fragmentation have been shown by measuring the fragmentation fractions from all
three collisions. This section is devoted to introducing such measurements, of which most will
be used as inputs especially for the studies given in Chapter 6.
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As mentioned, the initial state kinematics is well known in eTe™ collisions compared to other

collisions involving protons. Therefore, heavy quark production can be measured as a function
of the scaled energy or momentum defined in Eq.(2.29), which then gives measurements of
the fragmentation function. For example, D, D* and D** measurements as a function of z,
from BELLE [48] (y/s ~ M(T)) are shown in Figure 3.6a, 3.6b and 3.6¢c, respectively. D**
measurements as a function of xg from ALEPH [84] (\/s ~ M(Z)) are also shown in Figure
3.6d. As shown in these figures, almost the full phase space is covered by the given variables.
This gives direct measurements of the charm fragmentation spectra. Specifically, the common
parameter, r, of the three non-perturbative fragmentation functions, D°, D* and D** BCFY,
was extracted by fitting the BELLE data (refer to [46]). The results are shown in Figure 3.6a,
3.6b and 3.6¢ by solid lines. A fit result was also provided with the ALEPH data in Figure 3.6d.
The BCFY functions describe the eTe™ data well including the CLEO data [85], of which the
fit results also can be found in [46]. However, the fitted parameters are quite different between
the /s ~ M(Y) and the /s ~ M(Z) results. The FONLL prediction for the charm production
in pp collisions is given with the fitted parameter to the ALEPH data.

Charm and beauty production have been measured also as a function of pr and/or (n)y
of hadrons. In particular, charm production has been measured from the LHC experiments at
various center-of-mass energies. For instance, the overall phase space coverage provided with
D meson measurements is shown in Figure 3.7. All these measurements show no significant
differences with theory* predictions. It was shown that specifically, the D°, Dt and D**
measurements are consistent with the upper edge of the FONLL theoretical uncertainty band
[23].

The HERA experiments have also provided charm measurements as a function of pp and
n, and examples from H1 are shown for D, D*, Df and D** [86] in Figure 3.8. Here, each
measurement is provided with respect to the corresponding fragmentation fractions. This figure
shows that there is no significant difference between the D mesons for the kinematic spectrum.
Meanwhile, ALICE directly measured the ratios between D meson spectra as a function of pr
at /s =5, 7 and 13 TeV [7], which are shown in Figure 3.9. All these measurements show that
the charm fragmentation to D mesons is independent of the kinematics.

Contrary to the meson-to-meson ratios, recent measurements showed that baryon-to-meson
ratios are strongly dependent on pr in pp collisions [10,15,22]. Figure 3.10 shows the A} /D°
measurements as a function of pr at /s = 5, 7 and 13 TeV from ALICE [15] and at /s = 5
TeV from CMS [22]. The Z2" /DO measurements at /s = 5, 7 and 13 TeV from ALICE [15,87]
are shown in Figure 3.11. The pr dependence looks consistent between AJ/D° and =0t /DO,
which shows indirectly that there is no significant dependence on pr in the baryon-to-baryon
ratios.

ALICE provided also measurements of ratios between /s = 13 TeV and /s = 5 TeV as a
function of py (Figure 3.12). It shows a clear pp dependence of the ratios, but all the hadron
states show a similar spectrum.

The B-factory experiments provided measurements of o(ete™ — H,) or o(ete™ — H.) x
BR(H. — daughters) where BR is the branching ratio [47]. Following Eq.(2.27), these mea-
surements were used to extract the fragmentation fractions with the total charm cross section
prediction which is verified with experimentally and theoretically well known R, shown in Sec-
tion 2.3. In the case of LEP, the fragmentation fractions were extracted by measuring the
products of the partial decay width (I') of the Z into cé¢, the fragmentation fraction and the
branching ratio [47]: R. x f(¢ — H.) x BR(H. — daughters) where

I'Z — cc)
['(Z — hadrons)’

R.= (3.6)

*The theory here is based on the universality assumption, which is not expected to agree with pp data. Further
discussions come later.
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[15,87].
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Figure 3.12: Production ratios between /s = 5 TeV and /s = 13 TeV, which are measured
from ALICE. Figures are taken from [15].

R, also is well known both experimentally and theoretically.

In ep and pp collisions, the fragmentation fractions have been measured following Eq.(2.28).
In the case of ep collisions, however, the other ground states except D°, D*, D and A} have
not been measured yet, and the fragmentation fraction measurements have been provided with
some assumptions for the non-measured states. For example, an assumption provided in [47] is
based on f(s — H) measurements (H = A°,Z~ and Q7) in eTe™ collisions, which gives

o(Z0) + o (E5) + o(Q0) ~ 0.140(A]). (3.7)

The charm fragmentation fractions have been measured mostly from e*e™ /ep collisions. No
significant discrepancy has been reported between the measurements in e*e™ and ep collisions
(see e.g. [88]). Thus it has been assumed that the fragmentation is independent of the collision
system including pp collisions. Recent reports from LHC experiments, specifically from ALICE
[15,25], however, show large differences on the fragmentation fractions between e*e™ /ep and
pp collisions (Figure 3.13). Especially the Al fragmentation fraction shows a big discrepancy of
~ 5o between pp and ete™ /ep collisions, while the overall meson fractions in pp collisions are
smaller compared to the other collisions.

Similar phenomena were observed also from beauty hadron production. The production
fractions have been measured for beauty, e.g. from the LEP, B-factories, and LHC experiments
[89]. Especially, it is shown that the Ag /BY measurements from the LHC, which show a clear pr
dependence, are asymptotically consistent with the LEP measurement at high pr (Figure 3.14).
In this figure a fit is provided for the LHCb data using an exponential function, and the fit results
agree well with the LEP value positioned at an approximate py in Z decays. Furthermore, the
ratio of the strange meson to other mesons has been measured in beauty production with better
precision compared to charm production. Specifically, the B?/BY ratios have been measured by
LHCb [90] and CMS [91], which show a clear pr dependence (Figure 3.15). In contrast, Figure
3.16 shows that the BY/B7 ratio is pr independent. Also, no significant (pseudo-)rapidity
dependence has been reported for any ratios of the production fractions (see the right panels in
Figure 3.15 and in Figure 3.16, and also Figure 3.17).
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4.1 Introduction

The CMS (Compact Muon Solenoid) detector [93-97], of which a schematic view is shown in
Figure 4.1, has an overall length of 22 m, a diameter of 15 m, and weighs 14 000 tons [97].
The detector is designed to trigger on and identify electrons, muons, photons, and (charged
and neutral) hadrons. It has a superconducting solenoid of 6 m internal diameter and 12.5 m
length that provides a magnetic field of 3.8 T with a stored energy of 2.2 GJ [97]. Within the
magnetic volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter, of which each is composed of a
barrel and two endcap sections. Outside the solenoid, muons are measured in gas-ionization
detectors which are embedded in the steel flux-return yoke. The details of the CMS layers are
introduced in Section 4.2.

Events, including simulated events, are selected and reconstructed with a data acquisition
and a two-tier trigger system, using a dedicated CMS software workflow. Data from triggers
and subdetectors are processed through the data acquisition system, and the trigger system is
introduced to reduce the recorded event rate down to a few kHz using the first- and second-
level trigger, called L1 trigger and HLT, respectively. Specifically, during Run 1, 100 kHz of L1
accepted events was reduced to around 400 Hz by the HLT before data storage [95]. This has
been changed such that during Run 3, the L1 trigger and HLT operate at typical output rates
of 110 kHz and 5 kHz, respectively [97]. Further details of the data collection and its analysis
will be discussed in Section 4.3.

4.2 CMS layers

4.2.1 CMS coordinate
The coordinate system adopted by CMS is introduced as described in [93]:

The coordinate system adopted by CMS has the origin centered at the nominal
collision point inside the experiment, the y-axis pointing vertically upward, and
the z-axis pointing radially inward toward the center of the LHC. Thus, the z-axis
points along the beam direction toward the Jura mountains from LHC Point 5. The
azimuthal angle ¢ is measured from the z-axis in the z-y plane. The polar angle 6 is
measured from the z-axis. Pseudorapidity is defined as n = —Intan(6/2). Thus, the
momentum and energy measured transverse to the beam direction, denoted by pr
and Erp, respectively, are computed from the x and y components. The imbalance
of energy measured in the transverse plane is denoted by Ejnliss.

The coordinate system is illustrated in Figure 4.2.

4.2.2 Superconducting magnet

CMS chose a large superconducting solenoid for the purpose of having a strong magnet. The
CMS solenoid is made of a high-purity aluminium-stabilised conductor [93], and designed to
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Figure 4.1: Schematic drawing of the CMS detector. Figure is taken from [98].
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Figure 4.3: The left figure shows a 4-layer coil-winding structure of the CMS solenoid coil. The
right figure shows a transverse view of the CMS solenoid. The solenoid (silver-coloured ring)
is surrounded by a solid steel yoke (red) comprising three concentric layers interspersed with
muon chambers (silver). Figures are taken from [100].

reach a 4 T field. The solenoid coil is composed of a 4-layer winding to account for ampere-turns
required for generating the 4 T field [94] as shown in the left panel of Figure 4.3. Eventually
the solenoid was assembled in a cylinder shape with 6 m diameter, 12.5 m length, and 220 tons
weight [100]. To make it superconducting, this is surrounded by the cryostat that keeps it at a
temperature of 4 K by the vacuum system providing the thermal insulation inside the cryostat
(no longer superconducting above 10 K) [101]. Next, a solid steel yoke (red in the right panel
of Figure 4.3) surrounds the solenoid (silver-coloured ring), comprising three concentric layers
interspersed with muon chambers (silver). The yoke is composed of 6 endcap disks and 5 barrel
wheels [94]. The magnetic flux return through the yoke is shown in the right side of Figure 4.4.

4.2.3 Tracker

The CMS tracking detectors are composed of pixels or strips in different regions depending on
particle flux: pixel detectors are placed in the region closest to the interaction vertex where the
particle flux is the highest (r < 10 cm), the remaining regions are covered by strip detectors,
where the particle flux is low enough to use silicon microstrip detectors [93] (r 2 10 cm). The
region of the strip detectors is again devided into two regions at r ~ 20 cm, where the region
of r 2 20 cm is covered by larger-pitch silicon microstrips and called outer tracker.

Pixel detector

The extremely high particle fluxes require the innermost tracking layers to be composed of pixel
devices. [103] says:
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Figure 4.4: Prediction of magnetic flux density (B) and field lines on a longitudinal section of
the CMS detector. Figure is taken from [102].

Figure 4.5: Schematic view of a pixel detector element. Each sensor pixel is connected via a
solder bump to a pixel unit cell on the readout chip, where the signal is amplified, and the hit
data are stored on the edge of the chip where they wait for trigger confirmation [103]. Figure is
taken from [104]. This figure was introduced in 1998, and the size of the pixel to date is given
by 100 x 150 pm?. The thickness of the layers differs depending on position, and can be found
in [105].

The layers are composed of modular detector units. These modules consist of a thin,
segmented sensor plate with highly integrated readout chips connected to them using
the bump bonding technique (see Figure 4.5). The chips are connected through
bond wires to hybrid circuits, which distribute the readout control and clock signals
and where the data signals are collected. Kapton cables connected to the hybrids
transmit the signals to and from a periphery situated at the outer region of the pixel
system frame where detector control chips and electro-optical converters for optical
signal transmission are located. The modules are attached to cooling frames, with
the cooling tubes being an integral part of the mechanical structure.

The sensors for the CMS-pixel detector adopt the so-called n-on-n concept, which consist of high
dose n-implants introduced into a high resistance n-substrate [94]. The size of the pixel is given
by 100 x 150 pum? in r-¢ and z, respectively, which is driven by the desired impact parameter
resolution, the occupancy is of the order 10~* per pixel and LHC bunch crossing [94].

The first CMS pixel detector was installed in 2008 and used in Run 1, as described in [97]:
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Figure 4.6: Longitudinal view of the Phase 1 pixel detector compared to the previous detector
layout, with figure taken from [97].

The first CMS pixel detector [94], installed in 2008, consisted of three barrel layers
at radii of 44, 73, and 102 mm and two endcap disks on each end at distances
of 345 and 465 mm from the detector center. It provided three-point tracking for
charged particles and performed very well during Run 1. However, already in Run
1 the instantaneous luminosity delivered by the LHC exceeded the design value of
1 x 103 ¢cm™2 s~!, which resulted in a pixel detector readout inefficiency. In order
to maintain good tracking performance, this pixel detector was replaced with a more
efficient and robust four-point tracking system. In addition, the radius of the beam
pipe was reduced in 2014 from 30 to 23 mm, which allowed the innermost pixel
layer to be placed closer to the interaction point. The improved pixel detector was
installed at the beginning of 2017.

The pixel detector was upgraded after Run 1, and the so-called Phase 1 pixel detector
(details can be found in [105,106]) is described by [97] as:

The new detector, referred to as the Phase 1 pixel detector [105], consists of four
barrel layers (L1-L4) at radii of 29, 68, 109, and 160 mm, and three disks (D1-D3)
on each end at distances of 291, 396, and 516 mm from the center of the detector.
The layouts of the two detectors, the original and the upgraded one, are compared
in Figure 4.6. The new layout provides four-hit coverage, instead of three, for tracks
up to an absolute pseudorapidity of 3.0.

Strip detector

The Silicon Strip Tracker (SST), together with the pixel detector, provides measurements of
charged particle trajectories up to a pseudorapidity of |n| < 2.5 [97], which is shown in Figure
4.7. The SST is composed of single-sided p-on-n micro-strip sensors, and has [97]

ten layers in the barrel region with four layers in the Tracker Inner Barrel (TIB)
and six layers in the Tracker Outer Barrel (TOB). The TIB is supplemented with
three Tracker Inner Disks (TID) at each end. In the forward regions, the detector
consists of Tracker EndCaps (TEC). Each TID is composed of three rings of modules
and each TEC is composed of up to seven rings. In TIB, TID, and in rings 1-4 of
the TECs, sensors with a thickness of 320 pym are used, while in TOB and in rings
5-7 of the TECs, 500 um thick sensors are used. The modules in the barrel layers
measure 7 and ¢ coordinates, while the modules in the TECs and TIDs are oriented
to measure the coordinates in ¢ and z.
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Figure 4.7: Schematic view of one quadrant in the r-z view of the CMS tracker: single-sided
and double-sided strip modules are depicted as the red and blue segments, respectively. The
pixel detector is shown in green. Figure is taken from [97].
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Figure 4.8: The layout of the strips of stereo module, which figure taken from [103].

In the four layers in the barrel and three rings in the endcaps, stereo modules are used [97]. The
stereo modules are composed of a pair of wedge-shaped detectors, coupled back-to-back [103]
(see Figure 4.8). In the front device, radial strips point to the beam line (¢-view), and in the
device on the back, the strips are tilted by 100 mrad (stereo-view), thus pointing to a point on
a concentric ring around the beam line [103]. The stereo modules provide coarse measurements
of an additional coordinate (z in the barrel and r in the endcaps) [97].

4.2.4 Electromagnetic calorimeter

The Electromagnetic CALorimeter (ECAL), is designed to identify electrons and photons, and
measure their positions and energies [97]. Electrons or photons are reconstructed from energy
deposits using algorithms that constrain the clusters to the size and shape expected. The
electron momentum is estimated by combining the energy measurement in the ECAL with the
momentum measurement in the tracker. The momentum resolution for electrons is generally
better in the barrel region than in the endcaps, and also depends on the bremsstrahlung energy
emitted by the electron as it traverses the material in front of the ECAL. The ECAL also
provides information on the arrival time of the electrons and photons which can be used in
physics analyses, such as searches for long-lived particles, and contributes to the reconstruction
of jets and missing transverse momentum (piss).

The ECAL, of which a layout is shown in Figure 4.9, is made of lead tungstate (PbWOy,)

scintillating crystals. [93] says about the crystals:

These crystals have short radiation (Xo = 0.89 ¢cm) and Moliere (2.2 cm) lengths,
are fast (80% of the light is emitted within 25 ns) and radiation hard (up to 10
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Figure 4.9: Layout of the CMS electromagnetic calorimeter showing the arrangement of crystal
modules, supermodules and endcaps, with the preshower in front. Taken from [94].

Mrad). However, the relatively low light yield (30v/MeV) requires use of photode-
tectors with intrinsic gain that can operate in a magnetic field. Silicon Avalanche
PhotoDiodes (APDs) are used as photodetectors in the barrel and Vacuum Pho-
toTriodes (VPTs) in the endcaps. In addition, the sensitivity of both the crystals
and the APD response to temperature changes requires a temperature stability (the
goal is 0.1°C). The use of PbWQ, crystals has thus allowed the design of a compact
calorimeter inside the solenoid that is fast, has fine granularity, and is radiation
resistant.

The ECAL has the barrel and endcap section. First, the barrel section (EB), which has an
inner radius of 129 cm, is described in [93] as:

It is structured as 36 identical “supermodules,” each covering half the barrel length
and corresponding to a pseudorapidity interval of 0 < |n| < 1.479. The crystals are
quasi-projective (the axes are tilted at 3° with respect to the line from the nominal
vertex position) and cover 0.0174 (i.e. 1°) in A¢ and An. The crystals have a front
face cross-section of ~ 22 x 22 mm? and a length of 230 mm, corresponding to 25.8
Xo.

On the other hand, the endcap (EE) section is placed at a distance of 314 cm from the vertex,
covering a pseudorapidity range of 1.479 < |n| < 3.0 [93]: The EEs

are each structured as 2 “Dees”, consisting of semi-circular aluminium plates from
which are cantilevered structural units of 5 x 5 crystals, known as “supercrystals.”
In the ECAL TDR [107] the basic mechanical unit was envisaged to hold 6 x 6
crystals. The change was accommodated by a corresponding increase in the lateral
size of the crystals. The endcap crystals, like the barrel crystals, off-point from the
nominal vertex position, but are arranged in an x-y grid (i.e. not an n — ¢ grid).
They are all identical and have a front face cross section of 28.6 x 28.6 mm? and a
length of 220 mm (24.7 Xy). A preshower device is placed in front of the crystal
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calorimeter over much of the endcap pseudorapidity range. The active elements of
this device are 2 planes of silicon strip detectors, with a pitch of 1.9 mm, which lie
behind disks of lead absorber at depths of 2 Xy and 3 Xj.

4.2.5 Hadronic calorimeter

The Hadron CALorimeter (HCAL) contributes to the identification of hadrons and the mea-
surement of their properties, and also aids in the reconstruction of jets and p?iss, and the
identification of electrons and photons. Referring to [93], the design of the HCAL is influenced
by the choice of magnet parameters since most of the CMS calorimetry is located inside the
magnet coil and surrounds the ECAL system. [93] says:

An important requirement of HCAL is to minimize the non-Gaussian tails in the
energy resolution and to provide good containment and hermeticity for the E%mss
measurement. Hence, the HCAL design maximizes material inside the magnet coil
in terms of interaction lengths. This is complemented by an additional layer of
scintillators, referred to as the Hadron Outer (HO) detector, lining the outside of
the coil. Brass has been chosen as absorber material as it has a reasonably short
interaction length, is easy to machine and is non-magnetic. Maximizing the amount
of absorber before the magnet requires keeping to a minimum the amount of space
devoted to the active medium. The tile/fibre technology makes for an ideal choice.
It consists of plastic scintillator tiles read out with embedded WaveLength-Shifting
(WLS) fibres. The WLS fibres are spliced to high-attenuation-length clear fibres

outside the scintillator that carry the light to the readout system.

The HCAL comprises 4 subdetectors: the Hadron Barrel (HB), Hadron Endcap (HE),
hadron outer, and Hadron Forward (HF) calorimeters (refer to Figure 4.10). The HB and
HE cover the pseudorapidity regions |n| < 1.392 and 1.305 < |n| < 3.0 [97], respectively. [97]

says:

The HB and HE primarily use brass as the absorber, except for the inner and outer
layers of HB, which are constructed from steel. The HB absorber is shown in Figure
4.11 (left). The signals are produced in plastic scintillating tiles (Figure 4.11, right),
and the resulting blue light is shifted to green via embedded wavelength-shifting
fibers. The towers in HB(HE) have up to 17(18) scintillator layers, as shown in
Figure 4.10. Sequential layers are grouped into “depth” segments: the light from
the layers in a given depth segment is optically summed and read out by a single
photodetector. Clear plastic fibers send the signal to the Hybrid PhotoDetectors
(HPDs) in the original design or Silicon PhotoMultipliers (SiPMs) after the up-
grades. The segmentation is a tower structure in 1 — ¢ space. The 7 segmentation
is indicated by the black solid lines in Figure 4.10. The towers are referenced us-
ing integer indices ieta and iphi, where the ieta assignments are given in the figure
and iphi runs from 0 to 71, corresponding to the 72 divisions in ¢. Physically, the
scintillators are arranged in “megatiles”, which are trays that support an array of
scintillator tiles, along with the fibers that route the light to the photodetectors.

The HO and HF were built to complement the HB and HE. [94] says:

The hadron calorimeter barrel is radially restricted between the outer extent of the
electromagnetic calorimeter (R = 1.77 m) and the inner extent of the magnet coil
(R = 2.95 m). This constrains the total amount of material which can be put in to
absorb the hadronic shower. Therefore, an outer hadron calorimeter or tail catcher
is placed outside the solenoid complementing the barrel calorimeter. Beyond || = 3,
the forward hadron calorimeters placed at 11.2 m from the interaction point extend
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Figure 4.10: Schematic view of the HCAL as of 2016, showing the positions of its four major
components: HB, HE, HO, and HF. The layers marked in blue are grouped together as “depth
1,” i.e., the signals from these layers of a given tower are optically summed and read out by a
single photodetector. Similarly, the layers shown in yellow and green are combined as depths 2
and 3, respectively, and the layers shown in purple are combined for HO. The notation “FEE”
denotes the locations of the HB and HE frontend electronics readout boxes. The solid black
lines, roughly projective with the interaction point, denote the 7 divisions in the tower n — ¢
segmentation, and the numbers at the edge of the tower denote the ieta index. Taken from [97].

Figure 4.11: Brass absorber for the hadron barrel calorimeter HB (left) and scintillating tiles

with wavelength shifting fibers used as the active media in the barrel, endcap, and outer hadron
(right). Figures are taken from [97].
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Figure 4.12: Longitudinal view of the CMS Muon system. The interaction point is in the
lower left corner. The locations of the various muon stations are shown in color: drift tubes
(DTs) with labels MB, cathode strip chambers (CSCs) with labels ME, resistive plate chambers
(RPCs) with labels RB and RE, and gas electron multipliers (GEMs) with labels GE. The M
denotes muon, B stands for barrel, and E for endcap. The magnet yoke is represented by the

dark gray areas. Taken from [97].

the pseudorapidity coverage down to |n| = 5.2 using a Cherenkov-based, radiation-

hard technology.

4.2.6 Muon detector

Muons produced by beam collisions are measured in three different regions: in the inner tracker,
after the coil, and in the return flux yoke, as shown in Figure 4.12. Depending on the radiation
environments, different types of gaseous detectors are used to identify and measure muons.

First, Drift Tube (DT) chambers are used in the barrel region (|n| < 1.2) where the neu-
tron induced background is small, the muon rate is low and the residual magnetic field in the

chambers is low [93]. [97] describes the DT detector as:

The DTs consist of chambers formed by multiple layers of long rectangular tubes
that are filled with an Ar and CO5 gas mixture. An anode wire is located at the
center of each tube, whereas cathode and field-shaping strips are positioned on
its borders. They create an electric field that induces an almost uniform drift of
ionization electrons produced by charged particles traversing the gas. The charged-
particle trajectory is determined from the arrival time of the currents generated on

the anode wires of the readout.

Second, Cathode Strip Chambers (CSC) are deployed in the 2 endcaps, covering the region
up to |n| < 2.4, where the muon rate as well as the neutron induced background rate is high,

and the magnetic field is also high [93]. [97] also says:
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The CSCs are made of layers of proportional wire chambers with orthogonal cathode
strips and are operated with a gas mixture of Ar, CO2, and CF4. Signals are
generated on both anode wires and cathode strips. The finely segmented cathode
strips and fast readout electronics provide good timing and spatial resolution to
trigger on and identify muons.

Third, Resistive Plate Chambers (RPC) are used in both the barrel and the endcap regions.
They are described in [97] as

The RPCs comprise two detecting layers of high-pressure laminate plates that are
separated by a thin gap filled with a gas mixture of CoHsF4, i-C4H;g, and SFg. The
electronic readout strips are located between the two layers, and the high voltage
is applied to high-conductivity electrodes coated on each plate. The detectors are
operated in avalanche mode to cope with the high background rates. Due to their
excellent time resolution, they ensure a precise bunch-crossing assignment for muons
at the trigger level.

In addition to these three systems, a Gas Electron Multiplier (GEM) detector has been
recently added since Run 3 [97]:

The key feature of the GEM is a foil consisting of a perforated insulating polymer
surrounded on the top and bottom by conductors. A voltage difference is applied
on the foils producing a strong electric field in the holes. The GEM is operated
with a gas mixture of Ar and COs. When the gas volume is ionized, electrons are
accelerated through the holes and read out on thinly separated strips. This structure
allows for high amplification factors with modest voltages that provide good timing
and spatial resolution, and can be operated at high rate.

4.3 Data analysis

4.3.1 Data acquisition and trigger system

The Data AcQuisition (DAQ) and trigger systems are responsible for online event selection.
They consist of the detector electronics, the Level-1 (L1) trigger processors (calorimeter, muon,
and global), the readout network, and an online event filter system (processor farm) that exe-
cutes the software for the High-Level Triggers (HLTs) [93].

More specifically, the DAQ is responsible for the readout of all detector data for events
accepted by the L1 trigger; the building of complete events from subdetector event fragments;
the operation of the filter farm cluster running the HLT; and the transport of event data selected
by it to the permanent storage in the Tier 0 computing center [97], which is the primary center
located at CERN, supplemented by worldwide Tier 1 and Tier 2 centers. The DAQ consists of
custom-built electronics reading out event fragments; a data-concentrator network transporting
the fragments to the surface; a cluster of readout and event-building servers inter-connected
via the event-building network; the filter-farm cluster of multicore servers connected by the
data network running the HLT software; a distributed storage system where event data selected
by HLT filtering are buffered; and a transfer system connected to the Tier O center via a high-
speed network including the Trigger Control and Distribution System (TCDS), which distributes
timing to the trigger and subdetector electronics, and implements trigger control logic as well
as the Trigger Throttling System (TTS) [97].

Level-1 Trigger

The L1 trigger selects approximately 100 kHz of events based on coarse information from the
calorimeters and the muon detectors. It consists of electronics responsible for making a fast
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Figure 4.13: Level-1 trigger system, with figure taken from [108].

selection of events based on the presence of high-energy particles in the detector. [97] says:

The L1 trigger receives energy and position information, so-called Trigger Primitives
(TPs), from the calorimeters and the muon detectors. The TPs are evaluated by
a trigger processor, which is composed of custom-built electronics and Field Pro-
grammable Gate Array (FPGA) devices that perform the trigger decision based on
a set of predefined trigger algorithms. The L1 trigger operates at trigger rates of
about 110 kHz. During LS2, the L1 trigger was upgraded to also process TPs that
are designed to select long-lived particles.

Overall the L1 trigger system is shown in Figure 4.13. The L1 trigger [97]

comprises calorimeter and muon trigger systems that provide jets, e/, hadronic 7,
and muon candidates, along with calculations of energy sums, to the Global Trigger
(GT). At the GT, the trigger decision is generated, based on the multiplicity and
kinematic information of the various candidate trigger objects. The trigger config-
uration is implemented in a trigger “menu” comprised of several hundred “seed”
algorithms. Upon a positive GT decision, the full detector data are read out for
further filtering in the HLT.

The calorimeter layer 1 trigger [97]

receives TPs from ECAL, HCAL, and HF, calibrates them, combines the ECAL and
HCAL TPs into single Trigger Towers (TTs), and transmits the TTs to layer 2 for
further processing. Calorimeter TPs for triggered events are readout to DAQ, and
used in the Data Quality Monitoring (DQM) system, where they provide the input
to the software emulator, such that online and emulated data can be compared in
real time for monitoring purposes.

The calorimeter layer 2 [97]

receives calibrated TTs from layer 1, reconstructs jet, e/7, and 7 candidates, and
computes energy sums. The energies of jet, e/, and 7 candidates are calibrated
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as a function of pr and 7, and isolation and ID criteria are applied to e/y and 7
candidates. Pileup mitigation is applied to all objects to reduce the rates while
maintaining high efficiencies.

The L1 muon trigger [97]

receives TPs from four partially overlapping muon subdetectors: DT, CSC, RPC,
and GEM. The L1 muon trigger system reconstructs muon tracks and provides
measurements of muon track parameters using TPs which provide position, timing,
and quality information from detector hits.

In the Barrel Muon Track Finder (BMTF) [97],

The Overlap Muon Track Finder (OMTF') builds muon tracks using the TPs from the DTs and
RPCs in the barrel and CSCs and RPCs in the endcap using “a Bayes classifier algorithm” [97].
The Endcap Muon Track Finder (EMTF) builds muon tracks using TPs from CSCs, RPCs,

the kBMTF algorithm reconstructs muons in the barrel region using TPs received
from the DTs and RPCs via the TwinMux concentrator cards, and has been used
online since 2018. It is the successor of the original BMTF algorithm, used between
2016 and 2018, and based on an approximate Kalman filter algorithm in which
muon tracks are reconstructed from detector hits starting from the outermost muon
station and propagating inwards while updating the track parameters.

and GEMs in both endcaps [97].

High-Level triggers

The HLT, which runs on a farm of commercial computer nodes integrated with the DAQ data
flow, processes fully assembled events, applying algorithms similar to those used in offline re-
construction, and selects a few kHz of events for storage on disk [97]. The HLT data processing

uses the concept of paths to structure its workflow [97]:

The HLT selects data for storage through the application of a trigger menu, where the collection

These paths are sequences of algorithmic steps designed to reconstruct physics ob-
jects and make selections based on specific physics requirements. Steps within a path
are typically organized in ascending order of complexity, reconstruction refinement,
and physics sophistication. For example, the resource-intensive track reconstruction
process is usually carried out after completing a series of initial reconstruction and
selection steps involving the data from the calorimeters and muon detectors.

of individual HLT paths is configured [97]:

The trigger path definitions, physics object thresholds, and rate allocations are set to
meet the physics objectives of the experiment. In 2022, the HLT menus for pp data
taking typically contained around 600 paths. This includes the primary HLT paths
for analysis as well as paths for calibration and efficiency measurements that are
typically looser than the primary paths. These latter HLT paths are often prescaled,
i.e., only a fraction of the events that pass the requirements are actually accepted,
to limit processing time and storage rate. Different trigger menus are used for the
recording of heavy-ion collision data.

In this thesis, the so-called B parking data sample is used to measure charm production at
/s = 13 TeV (see the next chapter). Data parking is introduced since Run 1, which is defined

as [97]
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Figure 4.14: The left figure shows the trigger rates of the CMS HLT system as a function of
time during an LHC fill in 2018, for the physics (the black data points) and B parking (the
blue data points) streams. The right figure is an example of reconstruction on B parking data;
Bt — K*(J/¢ —)eTe™ reconstruction on a small fraction of the B parking data sample.
Figures are taken from [109].

One limiting factor for the HLT output rate is the bandwidth of the prompt event
reconstruction at Tier 0. An alternative approach to increase the amount of data
available for physics analysis is to increase the storage rate on disk, while delaying the
reconstruction of the data until a later time, when the necessary computing resources
are available. The reconstruction can be scheduled during a year-end technical stop
or a long shutdown, for instance. This concept, known as data parking, was already
implemented in Run 1 and Run 2 to record additional data for B physics and other
studies. During an LHC fill, as the luminosity decreases, the bandwidth to trigger
additional events increases, and the trigger thresholds for data-parking events are
gradually relaxed to record parking data.

Specifically in 2018 (the 13 TeV data which will be used in the next chapter) [97],

the collection of bb events was enhanced by tagging and storing events containing
at least one displaced muon, e.g., from a semileptonic B decay. The pr threshold
at the HLT for a single isolated muon was 24 GeV for the standard physics menu.
For the parked B data the pr threshold was as low as 7 GeV and the HLT output
rate reached 5 kHz at the end of fills, enabling CMS to accumulate about 100 b
hadrons [109].

In Figure 4.14, the trigger rates for the B parking stream in 2018 are shown.

4.3.2 FEvent reconstruction

The reconstruction process in CMS can be divided into 3 steps, corresponding to local recon-
struction within an individual detector module, global reconstruction within a whole detector,
and combination of these reconstructed objects to produce higher-level objects [93]:

The reconstruction units providing local reconstruction in a detector module use as
input real data from the DAQ system or simulated data representing the real data.
These data in either case are called “digis”. The output from the reconstruction units
are “RecHits,” reconstructed hits which are typically position measurements (from
times or clusters of strips or pixels) in tracking-type detectors (Muon and Tracker
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systems) and calorimetric clusters in Calorimeter systems. The RecHits are added
to the event as EDProducts, and used as the input to the global reconstruction.

In the global reconstruction step information from the different modules of a sub-
detector are combined, although information from different subdetectors is not. For
example, Tracker RecHits are used to produce reconstructed charged particle tracks
and Muon RecHits are used to produce candidate muon tracks. Once again, the
objects produced are added to the event as EDProducts.

The final reconstruction step combines reconstructed objects from individual subde-
tectors to produce higher-level reconstructed objects suitable for high-level triggering
or for physics analysis. For example, tracks in the Tracker system and tracks in the
Muon system are combined to provide final muon candidates, and electron candi-
dates from the Calorimeter system are matched to tracks in the Tracker system.

Track and vertex reconstruction

In particular, track reconstruction can be described in 3 major steps: seed generation, pattern
recognition, and track fitting and smoothing. The seed generation provides initial trajectory
candidates for the full track reconstruction [93]:

A seed must define initial trajectory parameters and errors. They can be obtained
externally to the Tracker, using inputs from other detectors, but the precision of
initial trajectory parameters obtained in such a way is, in general, poor. Another
way is to construct seeds internally. In this case each seed is composed from the
set of reconstructed hits that are supposed to come from 1 charged particle track.
Since 5 parameters are needed to start trajectory building, at least 3 hits, or 2 hits
and a beam constraint, are necessary. If the beam constraint is used it is removed
during the final fit. Hits that are seed constituents are provided by the dedicated
reconstruction.

The pattern recognition is based on a combinatorial Kalman filter* method [93]:

First, a dedicated navigation component determines which layers are compatible
with the initial seed trajectory. The trajectory is then extrapolated to these lay-
ers according to the equations of motion of a charged particle in a magnetic field,
accounting for multiple scattering and energy loss in the traversed material.

Since several hits on the new layer may be compatible with the predicted trajectory,
several new trajectory candidates are created, 1 per hit. In addition, 1 additional
trajectory candidate is created, in which no measured hit is used, to account for the
possibility that the track did not leave any hit on that particular layer. This fake
hit is called an “invalid hit”.

Each trajectory is then updated with the corresponding hit according to the Kalman
filter formalism. This update can be seen as a combination of the predicted trajec-
tory state and the hit in a weighted mean, as the weights attributed to the measure-
ment and to the predicted trajectory depend on their respective uncertainties.

* [110] says: A Kalman filter is mathematically equivalent to a global least-squares minimization, which is the
optimal estimator when the model is linear, all random noise is Gaussian and there are no outlying measurements.
In that case, the estimators are unbiased and have minimum variance, residuals and pulls of estimated quantities
have Gaussian distributions and the value of the objective function (the function which is minimized) at the
minimum obeys a x? distribution. For non-linear models or non-Gaussian noise, it is still the optimal linear
estimator. It is nevertheless very sensitive to outliers, and the bias in the fitted parameters is proportional to the
bias in the outlying measurements

52



Data analysis

All resulting trajectory candidates are then grown in turn to the next compatible
layer(s), and the procedure is repeated until either the outermost layer of the tracker
is reached or a “stopping condition” is satisfied. In order not to bias the result, all
trajectory candidates are grown in parallel. To avoid an exponential increase of
the number of trajectory candidates, the total number of candidates is truncated at
each layer. To limit the number of combinations, and hence to avoid an exponential
increase thereof, only a limited number of these are retained at each step, based on
their normalized x? and number of valid and invalid hits.

The track fitting and smoothing steps are required as [93]:

For each trajectory, the building stage results in a collection of hits and in an esti-
mate of the track parameters for each trajectory. However, the full information is
only available at the last hit of the trajectory and the estimate can be biased by
constraints applied during the seeding stage. Therefore the trajectory is refitted us-
ing a least-squares approach, implemented as a combination of a standard Kalman
filter and smoother.

The Kalman filter is initialized at the location of the innermost hit with an estimate
obtained during seeding. The corresponding covariance matrix is scaled by a large
factor in order to avoid any bias. The fit then proceeds in an iterative way through
the list of hits. For each valid hit the position estimate is re-evaluated using the
current values of the track parameters: information about the angle of incidence
increases the precision of the measurement especially in the pixel modules. The
track parameters and their covariance matrix are updated with the measurement
and the trajectory is propagated to the surface associated with the next hit. The
track parameters and their covariance matrix are modified according to the estimates
for energy loss and multiple scattering at the target surface and the sequence is
repeated until the last hit is included.

This first filter is complemented with a smoothing stage: a second filter is initialized
with the result of the first one (except for the covariance matrix, which is scaled with
a large factor) and run backward toward the beam line. At each hit the “updated”
parameters of this second filter, which contain all information from the outermost hit
up to and including the current hit, are combined with the “predicted” parameters
of the first filter, i.e., the information from the innermost hit outward, but excluding
the current hit.

This filtering and smoothing procedure yields optimal estimates of the parameters
at the surface associated with each hit and, specifically, at the first and the last hit
of the trajectory. Estimates on other surfaces, e.g., at the impact point, are then
derived by extrapolation from the closest hit.

On the other hand, vertex reconstruction usually involves 2 steps, vertex finding and vertex
fitting [93]:

Vertex finding involves grouping tracks into vertex candidates. The vertex-finding
algorithms can be very different depending on the physics case (primary or secondary
vertex finding, reconstruction of exclusive decays, etc.). Vertex fitting involves de-
termining the best estimate of the vertex parameters (position, covariance matrix,
and track parameters constrained by the vertex position and their covariances) for
a given set of tracks, as well as indicators of the fit quality (total x?, number of
degrees of freedom, or track weights).

The most often used algorithm for vertex fitting is the Kalman filter.
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Figure 4.15: Left: Schematic comparison of the standard straight line prediction and the new
helix prediction for finding the third hit. Right: Transverse momentum distributions of the
charged particles: simulated (solid red), accepted (green dashed) and reconstructed, with the
standard method (dotted black) or with the new helix method (dotted blue). Taken from [111].

For the measurement of charm production in this thesis, the lowest possible momentum is

of importance to be reconstructed. In case of 2010 data, which are used for charm production
measurements at /s = 7 TeV (see the next chapter), low pp tracks were reconstructed using
a special algorithm. This is an improved tracking algorithm which reconstructs tracks down to
0.1 GeV/c, using just the three pixel layers, with the modified hit triplet finding and cleaning
procedures [111]. The track finding procedure [111]

starts by pairing two hits from different layers (see Figure 4.15). During the search
for the third hit, the following requirements must be fulfilled: the track must come
from the cylinder of origin (given by its radius, half-length and position along the
beam-line); the pr of the track must be above the minimal value prmin; and the
track must be able to reach the layer where the third hit may be located. In the
small volume of the pixel detector the magnetic field is practically constant and the
charged particles propagate on helices. The projection of a helix or a cylinder onto
the transverse plane is a circle. Each requirement defines a region of allowed track
trajectories. They are enclosed by a pair of limiting circles which can be constructed
using simple geometrical transformations. A third hit candidate is accepted if its
position is within a region which takes into account the expected multiple scattering.

Then, the triplet cleaning is required as [111]:

While high pr tracks are relatively clean, uncorrelated hit clusters can often be
combined to form fake low pp tracks. However, a cluster contains more information
than its position. The geometrical shape of the hit cluster depends on the angle of
incidence of the particle: bigger angles will result in longer clusters. We can, thus,
check whether the measured shape of the cluster is compatible with the predicted
angle of incidence of the track; if any of the hits in the triplet is not compatible, the
triplet is removed from the list of track candidates.

4.3.3 Detector simulation

Primary physics processes are generated in CMS by programs such as PYTHIA [30, 31] and
MadGraph [112], and the output particle information is converted into the standard HepMC
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format [113]. The detector simulation employs models of various types of particle interactions
with materials, called “physics lists”, to propagate particles through the detector [114]. This
simulation is based on the GEANT4 software [115,116]. It is augmented with computationally
efficient techniques, such as shower libraries for the forward calorimeters, and specific identifica-
tion criteria per particle type and detector region for neutrons, which guarantee high fidelity of
the simulation [97]. Subsequently, the response from detector electronics is simulated in a ded-
icated digitization step to produce output signals, and then various reconstruction algorithms
are applied to those signals [114]:

The detector simulation step is the most expensive in terms of CPU usage, consum-
ing 40% of the total computing budget of CMS. The other steps in producing Monte
Carlo samples—event generation, digitization, reconstruction, and analysis—together
consume 45%, with reconstruction as the largest contributor. The remainder of
the CPU time is used to process observed data. Within the detector simulation
step, evaluating the geometry and magnetic field propagation uses 60% of the time;
electromagnetic physics models use 15%; hadronic physics use 10%; and other com-
ponents, including CMS-specific operations, use the remaining 15%.

4.3.4 Software and data tiers

The HLT, reconstruction, simulation and analysis are introduced in the framework of the CMS
software CMSSW. The framework [117]

is centered around the concept of an Event. A data processing job is composed of a
series of algorithms (e.g., a track finder or track fitter) that run in a particular order.
The algorithms only communicate via data stored in the Event. To facilitate testing,
all data items placed in the Event are storable to ROOT/IO using POOL. This
allows one to run a partial job (e.g., just track finding) and check the results without
having to go through any further processing steps. In addition, the POOL/ROOT
files generated by the framework are directly browseable in ROOT. This allows one
to accomplish simple data analyses without any additional tools. More complex
studies can be supported in ROOT just by loading the appropriate shared libraries
that contain the dictionaries for the stored objects.

Data and simulation processing workflows are broken into several steps, each defined by the
output data structures per event it produces, referred to as a data tier: a single executable
process may produce multiple outputs corresponding to different data tiers, which reduces I/O
operations when the necessary data structures are already in process memory [97]. The data
tiers in use for centrally produced simulation and reconstruction workflows (refer to Figure 4.16)
are defined by [97] as the followings:

e GEN; Intermediate and outgoing stable (¢7 2 1 cm) particles from the collision simulation.
May include Les Houches accord event (LHE) data from the matrix-element generator, if
applicable.

e SIM; Detailed description of energy deposits left by stable outgoing particles in the de-
tector material. Two options are available: a highly-accurate GEANT4-based application
(Full MC); and a parametric fast simulation application (Fast MC), which trades accu-
racy for a 100-fold decrease in detector simulation time or 10-fold decrease in total CPU
time per simulated event. The level of inaccuracy introduced by Fast MC is typically a
difference of less than 10% in final analysis observables

e DIGI; Digitized detector readout or simulation thereof. In simulation, the effect of ad-
ditional collision events (pileup) is folded into the event description in this step. In Run
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Figure 4.16: Overview of the main steps in the production chain of simulated data. Figure is
taken from [118].

2, a ’premixing’ technique was introduced, where the additional events are summed in a
separate processing step and then applied to the simulated primary event

RAW; Packed detector readout data
RECO; Detailed description of calibrated detector hits and low-level physics objects

AOD; Reduced description of calibrated detector hits and low-level physics objects, un-
calibrated high-level physics objects

MiniAOD; Reduced low-level physics objects and calibrated high-level physics objects. A
truncated floating-point representation is used for most object attributes. Introduced for
Run 2 to reduce the number of analyses requiring AOD inputs

NanoAOD; Compact data format containing only high-level physics object attributes
stored as (arrays of) primitive data types. Introduced during Run 2 to reduce the number
of analyses requiring MiniAOD inputs

An overview of the main steps in the production chain of the simulated data is illustrated in
Figure 4.16. The smaller-size analysis formats are key to reducing both the overall amount of
data stored by CMS and analysis processing time per event; in Run 2, approximate event sizes
in each format are 400 kB for AOD (Analysis Object Data), 40 kB for MiniAOD, and 1-2 kB
for NanoAOD [97].
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D**t and DY Production Measurements
in CMS

5.1 Introduction

In this chapter, physics analyses in CMS specifically for charm are introduced by measuring
D**t and D°. The excited-state charmed meson, D*t, has the best significance of signal to
background, of which the most probable decay chains are given by D*T — Doﬂ';_ and D° —
K~ 7t with branching fractions, 0.677 40.005 and 0.03947 4 0.00030 [42], respectively. Here 7.
specifies a 7 which has the special kinematics constrained by the difference between Mp.+ =
2010.26 +0.05 MeV and Mpo = 1864.84 £0.05 MeV [42]. Due to the small phase space window
with M+ = 139.57039 + 0.00018 MeV [42], the momentum of 7} is lower compared to D**
and DY. Thus w7 has a larger curvature compared to the others as illustrated in the left
panel of Figure 5.1. This 7} distinguishes K~ and 7" for the signal even without particle
identification. Furthermore, since DY and 7} are produced almost at rest in the D** rest

frame, plT>° and p;j scale with their relative masses (see the right panel of Figure 5.1), and the
direction of DY and 7} essentially coincide. Mp«+ — Mpo has a good resolution with strongly
suppressed combinatorial background. D° has the largest fragmentation fraction among the
weakly-decaying ground states.

Taking the advantage of the D** decay introduced above, D*T was considered to be mea-
sured first, which resulted in more detailed discussions being provided for this thesis compared
to the D? measurement. In CMS, especially for the purpose of measuring the total charm cross
section, the largest phase space possible was taken to measure D** at different center-of-mass
energies, /s = 7 [32,119], 5 [120], 0.9 [121] and 13 TeV. In particular, the 7, 0.9 and 13 TeV
analysis will be discussed in this chapter, which I actually worked for. In the 7 TeV analysis, D**
has been measured on 2010 pp data, which was started by my previous colleague, Nur Zulaiha
Binti Jomhari in [119] where preliminary prompt D** cross sections and the total charm cross
section were presented. Further studies to complete systematic uncertainties have been provided
after the previous study and will be discussed in this chapter more in detail: the determination
of the non-prompt contamination, the signal extraction systematics introducing a fit method,
and pileup/era dependence. Similarly D** has been measured also at /s = 0.9 and 13 TeV.
An illustration of the tracker and reconstruction was performed with the D*T reconstruction
at /s = 0.9 TeV for the early Run 3 [83], which was the very first charm production publicly
shown at /s = 0.9 TeV ever in LHC. Afterwards, the data were kindly taken over by Luca
Della Penna to provide a detailed analysis for D*T cross section measurement [121], of which
results were used as input to derive the total charm cross section at /s = 0.9 TeV in the next
chapter and thus will also be briefly introduced in this chapter. In the meantime, while writing
this thesis, the Run 3 samples have been combined with the 2010 0.9 TeV samples, which in-
creases the statistics slightly. The 13 TeV analysis was performed on 2018 pp data starting with
collecting almost 200 billion pileup collisions. Separately from D*t, measurements of the D°
cross section were started with these data. Preliminary prompt D*T cross sections at /s = 13
TeV were obtained and will be shown in this chapter. A very first attempt to measure prompt
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Figure 5.1: An illustration of decay chains, D** — D7 — K¥r%nF (left), and a demonstra-
tion of strongly correlated D° transverse momentum (p?o) and 7 transverse momentum (pf*)
(right). D° and 7¥ in the right figure are decay products of D** which was reconstructed with
matching generated D** and DY on a MC sample.

DY cross sections will also be discussed. Apart from the cross section measurements, a special
study has been also introduced at /s = 13 TeV to measure the 7 tracking efficiency by taking
the ratio between the separately reconstructed D** and D, which is discussed in Appendix C.

Eventually, the D** cross sections at /s = 7 and 0.9 TeV were taken as inputs for total
charm cross section measurements in the next chapter, which were derived by introducing the
non-universal charm fragmentation.

5.2 Samples and event selection

Starting from the 7 TeV analysis, D*T has been measured on 2010 data with the effective
luminosity of 3.0 nb™! [119,122]. For the  reconstruction which requires the lowest possible
pr, the 2010 samples of the special low pp tracking [111] were taken to perform the analysis as
mentioned in the previous chapter, which are listed in Table 5.1. These datasets were recorded
during the 2010 commissioning and Run A-B data taking periods, of which all are available as
Open Data [123]. In Table 5.1, the second column shows the number of events survived with
a so-called JSON selection certified by CMS. All events except in ZeroBias and MinimumBias
samples were provided with the JSON selection. The numbers are slightly updated compared
to the ones in [119], although the rounded effective luminosity (£ in Table 5.1) of the total
remains the same as before. The effective luminosities were calculated by taking the number of
collisions (denoted by (N)MB in Table 5.1) instead of events, as done in [119]:

L= (N)MB, (5.1)

Oeff

where o.g = 52.1 & 2.1 mb. Here o.g is the effective cross section determined in a data driven
way using unprescaled triggers (further details can be found in [124]). (N)MB was introduced
to maximize statistics. With the limited statistics of these samples, all the pileup collisions
were considered for D*T events. In case of the ZeroBias and MinimumBias samples, all good
Primary Vertex (PV) collisions were collected, which are called MB collisions. A good PV is
defined with the following criteria [119,124]:

e vertex is from primary vertex collection (with beamspot constraint)
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Table 5.1: List of 2010 7 TeV data and MC samples. Data samples have the updated numbers
compared to the previous study [119]. The effective luminosity of the total remains the same
as before.

Data sample #Events (N)MB £ [nb™ ]
(w. JSON)

/ZeroBias/Commissioning10-May19ReReco-v1/RECO 129,186,198 646,507 0.012
/ZeroBias/Run2010A-Apr21ReReco-v1/A0D 34,923,622 9,884,270 0.190
/MinimumBias/Commissioning10-May19ReReco-v1/RECO 46,553,963 32,316,473 0.620
/MinimumBias/Run2010A-Apr21ReReco-v1/AOD 103,848,957 25,951,045 0.498
/MinimumBias/Run2010B-Apr21ReReco-v1/AOD 40,785,403 16,092,376 0.309
/MuOnia/Run2010A-Apr21ReReco-v1/AOD 29,583,697 4,259,684 0.082
/MuOnia/Run2010B-Apr21ReReco-v1/AOD 22,677,534 20,388,793 0.391
/Mu/Run2010A-Apr21ReReco-v1/A0D 20,850,125 6,052,663 0.116
/Mu/Run2010B-Apr21ReReco-v1/A0D 26,718,043 15,131,362 0.290
/MuMonitor/Run2010A-Apr21ReReco-v1/A0D 11,367,866 740,827 0.014
/MuMonitor/Run2010B-Apr21ReReco-v1/AOD 10,085,889 1,836,674 0.035
/EG/Run2010A-Apr21ReReco-v1/A0D 47,187,984 5,034,671 0.097
/Electron/Run2010B-Apr21ReReco-v1/A0D 27,856,626 16,598,770 0.319
/EGMonitor/Run2010A-Apr21ReReco-v1/A0D 25,665,131 3,324 0.000
/EGMonitor/Run2010B-Apr21ReReco-v1/AOD 8,961,541 1,457,837 0.028
Total 586,252,679 156,395,276 3.001
MC sample #Events L [nb™ 1]
/DOKpi_pTOtoInf TuneZ2star 7TeV-pythia6-evtgen

/LowPU2010DR42-NoPU2010_DR42_START42_V17B-v2/A0DSIM 5,801,549 20.37

e vertex is valid (fit converged reasonably)

e vertex is not fake (not an empty vertex)

number of degrees of freedom, ndof > 4

|vertex — beamspot| < 15 c¢cm in z-direction

|vertex — beamspot| < 2 cm in zy-plane.

Alternatively, so-called Next-to-Minimum-Bias (NMB) collisions, which are again pileup col-
lisions with good PV, were collected from the lepton trigger samples. The PV associated to
triggering leptons can be uniquely identified and NMB collisions are defined to be separated
from trigger vertex by at least 1 or 3 cm depending on the vertex-association. All tracks and
vertices related to triggering collisons (denoted by TVx collisions in Figure 5.2) and events
in which the trigger vertex could not be uniquely defined were removed. Typical pileup in
these data is ~ 2. The MC main sample to evaluate the reconstruction efficiency is given by
Minimum-Bias events enriched by the decay D° — KTx*, which is shown also in Table 5.1.
The 13 TeV analysis was performed on the 2018 B parking data samples [109] as mentioned
in the previous chapter, which were collected with the integrated luminosity ~ 40 fb~1 [125].
The samples are listed in Table 5.2. These samples were provided with a set of single-muon
triggers, and thus contain both TVx and NMB collisions. However, the beauty and charm
contributions differ much such that TVx and NMB collisions are dominated by beauty and
charm production, respectively. In this thesis, for the purpose of measuring the charm cross
section, only the NMB collisions were considered on these datasets. The HLTs used to select
collisions are shown in Table 5.3. For instance, the pp distributions of D° candidates are
compared with and without separation of the TVx and NMB collisions in Figure 5.3. It is
clearly shown that the NMB collisions are free from the muon trigger bias. The data typically
have a pileup of ~ 20 and thus the NMB collisions are ~ 200 billion with the raw event number
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TVx
NMB

Figure 5.2: NMB and TVx collision definition in a muon trigger sample
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Figure 5.3: pr distributions of D° candidates on the 2018 B parking data. (a), (b) and (c)

show Run A statistics only as an illustration. (d) shows NMB collisions with full statistics of
the parking data, which were used eventually for the 13 TeV results.
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Table 5.2: List of 2018 13 TeV ParkingBPH UL data samples. “#Events” refers to the raw
number of events, while “w. JSON” column shows the number of events with applying a JSON
selection provided by Table 5.4. Due to a technical issue on the storage, a few % of the originally

collected events were lost, and “w. JSON survived” shows the numbers which survived after
all.

Sample #Events w. JSON  w. JSON survived NMB
/ParkingBPH1/Run2018A
-20Jun2021_UL2018-v1/A0D 205,962,879 192,447,960 187,442,212 3,214,374,252
/ParkingBPH2/Run2018A
-20Jun2021_UL2018-v1/A0D 205,968,583 192,467,153 167,638,775 2,892,117,178
/ParkingBPH3/Run2018A
-20Jun2021 _UL2018-v1/A0D 205,928,713 192,418,621 184,952,613 3,173,432,860
/ParkingBPH4/Run2018A
-20Jun2021 _UL2018-v1/A0D 205,977,925 192,466,177 178,702,567 3,066,599,547
/ParkingBPH5/Run2018A
-20Jun2021 _UL2018-v1/A0D 205,932,887 192,422,866 184,001,070 3,156,536,075
/ParkingBPH6/Run2018A
-20Jun2021 _UL2018-v1/A0D 205,981,846 192,471,696 168,380,141 2,880,631,407
/ParkingBPH1/Run2018B
-20Jun2021_UL2018-v1/A0D 252,798,836 239,039,492 234,197,576 4,007,474,752
/ParkingBPH2/Run2018B
-20Jun2021_UL2018-v1/A0D 252,730,676 238,496,243 234,770,668 4,016,906,231
/ParkingBPH3/Run2018B
-20Jun2021_UL2018-v1/A0D 252,699,513 238,881,017 234,205,865 4,006,834,540
/ParkingBPH4/Run2018B
-20Jun2021_UL2018-v1/A0D 252,618,514 238,838,252 234,676,702 4,016,197,772
/ParkingBPH5/Run2018B
-20Jun2021_UL2018-v1/A0D 252,697,594 238,929,690 235,074,299 4,020,463,684
/ParkingBPH6/Run2018B
-20Jun2021_UL2018-v1/A0D 98,671,902 97,734,889 96,646,365 1,643,967,729
/ParkingBPH1/Run2018C
-20Jun2021_UL2018-v1/A0D 226,781,174 219,959,688 215,908,882 4,117,558,658
/ParkingBPH2/Run2018C
-20Jun2021_UL2018-v1/A0D 226,763,111 220,027,080 216,552,961 4,130,731,639
/ParkingBPH3/Run2018C
-20Jun2021_UL2018-v1/A0D 226,766,133 216,518,932 212,591,487 4,048,952,891
/ParkingBPH4/Run2018C
-20Jun2021_UL2018-v1/A0D 226,740,205 220,298,126 216,163,822 4,125,400,837
/ParkingBPH5/Run2018C
-20Jun2021_UL2018-v1/A0D 226,759,786 216,034,030 212,011,280 4,050,282,710
/ParkingBPH1/Run2018D
-20Jun2021_UL2018-v1/A0D 1,632,671,054 1,632,225,048 1,597,950,002 26,200,725,308
/ParkingBPH2/Run2018D
-20Jun2021_UL2018-v1/A0D 1,629,032,833 - 1,618,869,051 26,606,672,011
/ParkingBPH3/Run2018D
-20Jun2021_UL2018-v1/A0D 1,629,408,802  1,628,529,909 1,596,921,608 26,240,491,899
/ParkingBPH4/Run2018D
-20Jun2021_UL2018-v1/A0D  1,629,471,771 - 1,601,986,567  26,322,333,442
/ParkingBPH5/Run2018D
-20Jun2021_UL2018-v1/A0D 1,624,678,097 - 1,596,307,746 26,226,480,125
Total 11,877,042,834 - 11,425,952,259  192,165,165,547
L [pb™ 7] 3
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Table 5.3: List of HLTs used to select events on the 13 TeV B parking samples.

Trigger path

HLT Mul2_1P6
HLT _Mul0p5_IP3p5
HLT_Mu9_1P6

HLT _Mu9_1P5

HLT _Mu8p5_1P3p5
HLT_Mu8_1P6

HLT _Mu8_1P5
HLT_Mu8_1P3

HLT _Mu7_1P4

of ~ 10 billion (explicit numbers can be found in Table 5.2). The effective luminosity for these
samples was calculated temporarily with a MC MinimumBias cross section o = 78.42 mb [126]
with an arbitrarily assigned scale factor*, 0.8, which results in 3 pb~!. This luminosity will
have to be reevaluated with more dedicated studies in the future. A basic quality selection was
also applied for these samples with a JSON file in Table 5.4.

Table 5.4: JSON applied for 13TeV ParkingBPH UL samples.

JSON file
Cert_314472-325175_13TeV_Legacy2018_Collisions18_JSON.txt

The reconstruction efficiencies in the 13 TeV analysis were evaluated with a D — K¥x+
filtered MC sample, which was produced with a PileUp (PU) profile flat from 0 to 75. For further
studies of e.g. pileup systematics, an inclusive MinimumBias MC sample was also considered in
this thesis. Especially this sample was used to provide templates for the D? background fit (see
later). The effective luminosity of these samples was calculated with cross section o = 0.544
mb [127] and ¢ = 78.42 mb [126] for the D° and MinimumBias MC sample, respectively. The
MC samples are listed in Table 5.5.

Table 5.5: List of 13 TeV UL MC samples used in this thesis.

Sample #Events L [nb™ ]
/MinBias_TuneCP5_13TeV-pythia8
/RunIISummer20UL18RECO-NoPU_106X_upgrade2018_realistic_v11 Livi-v2

/AODSIM

499,793,400 6.37

/DOToKPi_SoftQCDinelastic_TuneCP5_13TeV_pythia8-evtgen
/RunIISummer20UL18RECO-F1atPUOto75_106X upgrade2018 realistic_v1il Livi-v4
/AODSIM

99,180,526 182.32

Pileup distributions on the 13 TeV samples are shown in Figure 5.4. For the evaluation of the
reconstruction efficiency, all the events in the D® MC sample were reweighted by a comparison
of the pileup distribution between the data and MC sample (see Figure 5.4a). As a reference,
the D° MC events were also reweighted for the MinimumBias MC pileup distribution as shown
in Figure 5.4b, and used as a cross check for pileup effects (see later).

The 0.9 TeV analysis was performed on the early Run 3 data in 2021 and 2022 before moving
to v/s = 13.6 TeV and the early Run 1 data in 2010, of which samples are listed in Table 5.6.
The D*T cross section measurements introduced in this chapter are based only on the Run 3
samples, which were taken as inputs for the total charm cross section measurements at /s = 0.9
TeV in the next chapter. The updated results including the 2010 data can be found in Appendix

*This scale factor was temporarily chosen such that the D*T cross sections match well with the ones of the
previously published LHC measurements in the end.

62



Samples and event selection

10°

X

Private Work (CMS data/simulation)

700
600
500
400
300
200
100

—— Data
[ ]D°MC

1.4 :

12

0.8

0.6

0 10 20

X
iy
om

30 ;10 50 60 70 80 90 100
multiplicity of vertex

10°

X

Private Work (CMS data/simulation)

700
600
500
400
300
200
100

0

—— Data
[ ]D°MC

1.4

12
1

0.8

0.6

0 10 20

(a) Comparison between data and D°

Private Work (CMS simulation)

600

500

400

300

200

100

T T T T[T T [ TT T[T T [ TITTT

—~ MBMC
[ ]D°MC

0

14

1.2
1

0.8

0.6

0 10 20

30 40 50 60 70 80 90 100
multiplicity of vertex

X

=

o
=

30 40 50 60 70 80 90 100
multiplicity of vertex

MC.

Private Work (CMS simulation)

600

500}
400+
3001+
2001+

100f+

— MB MC
[ ]D°MC

07W¢_L\ PR N N AN EPAEIS BT BT R I

1.4

1.2
1

0.8

0.6

0 10 20

30 40 50 60 70 80 90 100
multiplicity of vertex

(b) Comparison between MinimumBias MC and D° MC.

Figure 5.4: Pileup distributions on the 13 TeV samples before (left) and after (right) reweighting.
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Table 5.6: List of 900 GeV data and MC samples. N in data samples refers to a series of
datasets from 0 to 9 and the event numbers correspond to the total of each series.

Data sample #Events L [nb™ ]
/MinimumBias A/ /Commissioning2021-900GeVmkFit FEVT-v1/RECO 41,230,571 1.1
/MinimumBias/ /Run2022A-PromptReco-v1/A0OD 274,720,502 2.1
/MinimumBias/Commissioning10-07JunReReco_900GeV/AOD
/MinimumBias/Run2010A-Apr21ReReco-v1/A0D 26,433,766 0.22
/ZeroBias/Run2010A-Apr21ReReco-v1/A0D

MC sample #Events L [nb™ ]

/MinBias DOFilter_TuneCP5_900GeV-pythia8-evtgen
/Commissioning900DR-122X _mcRun3_2021 realistic_forpp900GeV_v2-v1

/AODSIM

1,893,632 48.29
/DOKpi_pTOtoInf _TuneZ2star_900GeV-pythia6-evtgen
/LowPU2010DR42-NoPU2010_DR42_900GeV_START42_V17B-v2/A0DSIM
/AODSIM

4,857,763 68.21

A. The evaluation of the reconstruction efficiency was provided with an inclusive MinimumBias
MC sample enriched by the D° — KT r* filter again (refer to Table 5.6).

5.3 Event reconstruction

To reconstruct D** — D7f — K~ 7t 7} (including the charge conjugate), three tracks should
be selected for the final states. The selection was provided in two steps; (i) candidates were
preselected without kinematic dependence and (ii) then tighter cuts were applied to the prese-
lected candidates in two different categories divided at pr = 3.5 GeV. In the second step, the
lower pr region (pr? <35 GeV) has larger combinatorial background compared to the higher
pr region (pgur > 3.5 GeV), thus tighter cuts were applied in the lower pp region. Similarly
DY — K~nt (including the charge conjugate) was reconstructed by selecting two tracks. Ex-
cept for a few cuts, K~ and 71 candidates share the same cuts for D** and D° reconstruction
in the preselection step. The D analysis cuts were not fully optimized yet, and almost the same
cuts were applied in two pp categories of the second step. The preselection cuts are summarized
in Table 5.7 for both D** and D°. The final selection(the second step) cuts are summarized
for D** and DY in Table 5.8 and 5.9, respectively.

Basically cuts on pr and the impact parameters with respect to the PV were applied for
each track, while no (pseudo-)rapidity cuts were applied for the full fiducial coverage. In case
of the 7 and 0.9 TeV analysis, dE/dx cuts were added for K candidates with p < 1.5 GeV:

0.6 dE 1.0
W+2<%<W—F3.5. (5.2)

Additionally, further cuts were applied to select D? candidates (independent of whether D
is from D** or not). The D° has a non-negligible decay length, and the decay length was

calculated by
ﬁDO . dPV,SV

7]

where d"V-SV is the distance between the primary vertex and the Secondary Vertex (SV) which
is in this case the D? vertex. The angle between ﬁDO and dPVSV is defined as ¢ such that

dl = (5.3)

dl
COS d) = W (54)
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Table 5.7: Preselection cuts for D** and DY in the 7, 0.9 and 13 TeV analysis. The distance
between A and B is denoted by de;B and d?’B in the xy-plane and z-direction, respectively.
The last 6 rows were added at preselection level due to a storage issue with the large statistics
of the 13 TeV data, which were introduced to reduce the file size down to ~ 20%. However, all
these cuts were loosely assigned to have barely any effect on the final selection.

D*+ DO
7 TeV 0.9 TeV 13 TeV 13 TeV
Py, pi >0.3GeV | > 0.5 GeV > 0.3 GeV
A5, diET < 0.5 cm
dZDO’PV < 2 cm
P2’ | >09 GeV > 1.4 GeV
DOprree > 0.15
PR’ < 0.9 GeV PR’ < 1.5 GeV
Mpo € [1.5,2.3] GeV € [1.68,2.05] GeV
|dlzy| > 0.02 cm
dg;’DO, dg“”DO < 2cm
Pl /pR’ € [0.03,0.20]

Mper — Mpo | (€ [0.143426,0.147426] GeV
or Mpo € [1.82484,1.90484] GeV)
and < 0.17 GeV

dQZ;PV, d;rg,PV < 0.2 cm

s, DO
dzy <04 cm
KPV PV
dz ) dZ

< 0.15/sinf cm

dre " <0.3/sinf cm
cos ¢ > 0.7 or cos ¢gy > 0.7
d1s > —lordl3¥ >—1|>250rdly >25
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Table 5.8: Final selection for D**. The distance between A and B is denoted by df?}B and d2"P
in the zy-plane and z-direction, respectively. In addition to the cuts listed in this table, dE/dx
cuts also were applied into the 7 and 0.9 TeV analysis (see text).

PR < 3.5 GeV PR > 3.5 GeV

7 TeV 13 TeV 0.9 TeV | 7TeV | 13 TeV 0.9 TeV

pT > 0.5 GeV

Py > 0.5 GeV > 0.75 GeV
dity, dmyY < 0.15 cm
iz < 0.3 cm

df’Pv, d?Pv < 0.1/sinf cm

dzetV < 0.2/sinf cm
MP’ € [1.84,1.89] GeV € [1.85,1.88] GeV
cos ¢ > 0.8

dl*¥ | (> 1.5 and D*J’pyac > 0.15) or | (> —1 and D*+p§f‘w > 0.15) or
> 3 or > 2
(> 2 and cos ¢ > 0.995)

DOpgree > 0.1
D*tphre >0.1 > 0.03
Mpes — Mo € [0.14440,0.14664] GeV

Table 5.9: Final selection for D in the 13 TeV analysis. The distance between A and B is
denoted by d;?l;B and dZA’B in the xy-plane and z-direction, respectively.

PR’ < 3.5 GeV | pR’ > 3.5 GeV

T p¥ > 0.5 GeV

K,PV PV
dxy 5 dxy

K,PV mPV
d,;” ", d;

> 0.15 cm

>0.1/sinf cm

d1sw > 3.5 >4

cos ¢ > 0.99
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A significance of the decay length is also calculated by considering the uncertainty of dl (d1*™"):

Loodl
dI¥ = .

(5.5)

In the hypothesis of originating from a common vertex, the vertex is refitted with rejecting
low p?o and prraC. pgfac is defined to be the fraction of p:’?o (p£*+) to the (scalar) sum of py of
all tracks within 5 mm in dy, and d, from the average position of K and 7.

The last rows in Table 5.7 were added due to a storage issue with the large statistics of
the 13 TeV data, which were introduced to reduce the file size down to ~ 20%. Overall it
was determined to be loose enough for the final cuts to come. The additional cuts on the
variable dl?yg and cos ¢, were checked that in the end it reduces 1 out of 5209961 (example
D** candidates by the ParkingBPH6 Run B sample), but does not change at all the D** signal
(180986 for the example statistics).

In the case of the 7 TeV analysis, this reconstruction and selection resulted in overall very
good agreements between data and MC distributions within the given statistics. For example,

pij;mc and PV track multiplicity distributions are shown in Figure 5.5. Further distributions can

be found in [122]. In contrast, notable discrepancies are observed in the p%mc distributions on
the 0.9 TeV samples [121]. To resolve the discrepancies, the variables on the MC were rescaled
compared to those on the data as shown in Figure 5.6. For the others good agreements were
observed, and further comparisons can be found in [121].

Discrepancies on the p%mc and track multiplicity distributions were observed also on the
13 TeV samples but not as significant as those on the 0.9 TeV samples. It turns out that the
pémc distributions are strongly correlated with the pileup distributions. The p?mc and track
multiplicity distributions are shown before and after applying reweights on the D° MC pileup
distribution (refer to Figure 5.4) compared to the data and the MinimumBias MC sample in
Figure 5.7 and 5.8, respectively. In both cases, the pileup reweighting resolves the discrepancies
for the p%mc distributions, and it is more dramatic in the comparison between the MinimumBias
and D° MC sample with larger pileup difference. On the other hand, the discrepancies on track
multiplicity between the data and the MC samples were not resolved with the pileup reweighting
(it appears that the multiplicity distribution is almost uncorrelated with the pileup one), and
could not be cured by rescaling either. No further investigation is provided for this discrepancy

in this thesis. The other distributions are reasonably matched (see Appendix E).

5.4 Signal extraction

5.4.1 Background subtraction and fit for D**

As mentioned, K~ and 7 can be distinguished by the existence of the 7 in the D*T signal
reconstruction. As a result, the charges of K and 7 can be uniquely assigned relative to that
of ms. The signal including combinatorial background is reconstructed by D** — DzF —
KFr*nt, which is called right charge combination. D** — K*7¥xF which is called wrong
charge combination, gives the combinatorial background only and is signal- and reflection-
free with minimal charge correlation bias. For instance, Mp«+ — Mpo distributions are shown
in Figure 5.9, where the blue(red) histograms refer to the right(wrong) charge combination.
The D** signal can be extracted from the mass distributions using the background subtraction
method which can be applied in a robust way compared to a fit method. In the subtraction
method, the number of the wrong charge events is subtracted from that of the right charge,
which leaves the number of signal events only. Here before the subtraction, a scale factor is
applied to the wrong charge, which is determined by the ratio between the wrong and right
charge events counted within the side bands (which are defined by the gray areas in Figure 5.9).
Then the signal number is counted only within the signal bands which are defined with pink
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Figure 5.6: pi’ of D (top) and D** (middle), and the number of tracks fitted to the D**
PV (bottom) in the 0.9 TeV analysis. The left(right) figures are before(after) rescaling the
variables. Figures are from [121].
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Figure 5.9: Mp+«+ —Mpo distributions at /s = 7 TeV in plT)*+ < 3.5 GeV (upper) and p%’” > 3.5
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colour.
The signal can be extracted also using a fit method. In this thesis, a maximum likelihood
fit is introduced with a negative log likelihood

—In [POiS(NS+B, No) . HP(xl]u, ag, Ns, ai,ag, NB)], (5.6)

)

where Pois refers to a Poisson distribution with the expected (Ng4p) and the observed (Np)
number of events for the right charge. P represents a probability density function for the right
charge, which is defined by

Ng
Ns+B

N5 T (2|ay, az). (5.7)

J(x|p, o) +
(alp0) + 52

P(%”M,O’, NSv ai, az, NB) -
The first(second) term in Eq.(5.7) represents the probability density function for the sig-
nal(background), which is normalized by the fraction of the expected number of signal(background)
events, Ng(Np). The signal is described by a Johnson function

7w el ()] e

where p and o represent the center and width of the signal, respectively. Here, v set to be non-
zero results in an asymmetric distribution and § determines the width of the signal in addition
to 0. In other words, v = 0 and § = 1 give a symmetric distribution of which the width is
determined only by o. For example, the right charge in the left panel of Figure 5.9 is fitted
with fixed v = 0 and § = 1, while in the right panel the fit is given with letting the parameters
to be free. As it can be seen from Figure 5.9, no significant improvement was observed when
using free v and § and therefore for a better convergence, v and § were fixed by default at 0
and 1, respectively. The background is described by a so-called threshold function

T o (. — mg)™ - exp [az(x — my)] (5.9)

where m, = 0.13957 GeV. As a result, P has a total of 6 free parameters, u, o, Ng, a1, a2 and
Np.

The signal yields of D** on data were determined using the background subtraction method
by default, with a bin width 1 GeV in pp and 0.5 in |y| including overflow bins of pp > 10 GeV.
The reconstruction efficiency was calculated by

Nreco&true

e (5.10)

where NTeco&true g the number of reconstructed D*T in the bin with matching generated D**
without bin requirement and N*U is the number of generated D** in the bin. NTeco&true jg
determined also using the background subtraction method. The signal yields and the efficiencies
are summarized in Figure 5.10a, 5.10b and 5.10c for the 7, 13 and 0.9 TeV analysis, respectively.

5.4.2 Fit on D° mass distribution

The signal of the D — KTx* reconstruction on the 13 TeV samples was extracted by fitting
the Mpo distribution. In the CMS detector, K and 7 candidates are essentially not distin-
guished. Thus the reconstruction has a so-called K-7 swapped signal as background in addition
to combinatorial background. For instance, the black and blue histograms in Figure 5.11a were
reconstructed by DY — K¥7% (narrow signal) and D° — 7T K* (swapped signal) with match-
ing the generated K and 7 on the MC samples. Compared to the narrow signal, the swapped
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(c) v/s = 0.9 TeV. Figures are from [121].

Figure 5.10: D** signal yields on data (left) and the reconstruction efficiency determined with
MC (right). Essentially nothing is expected to be measured in 1 < pp < 2 GeV and 2 < |y| <
2.5, so that these bins were excluded for the cross section measurements in the end.
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Figure 5.11: Example of D° mass distribution on the 13 TeV samples. The mass distribution
in (b) is fitted using a Johnson function for the narrow and swapped signal and a Chebyshev
polynomial function for combinatorial background (bkg). The width of the swapped signal is
fixed from that of the swapped signal on the MinimumBias MC. The K K and 77 backgrounds
were fitted using histogram templates from the MinimumBias MC. Templates for partially
reconstructed final states are still missing.
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signal has a much wider width, while the two should have the same number of events in the full
mass range. Furthermore, non-negligible K K and 77 contributions were also observed on the
data (refer to Figure 5.11b) and the MinimumBias MC sample (refer to the left panel of Figure
5.11a), which should also be fitted properly as background. The backgrounds, meanwhile, are
very small on the D% MC since this sample is produced with a D® — K¥zT filter (refer to the
right panel of Figure 5.11a).

Similary to the D** fit, a maximum likelihood fit is introduced also for the D° mass fit with
a negative log likelihood

—In[Pois(Ng45, No) - HP(azim,a, Ng,a1,a2,a3, Ng)], (5.11)

i
where Ngyp and Np are the expected and observed number of events, respectively, for the
DY mass distribution. P is composed of the Johnson function for the signals, a Chebyshev

polynomial of the first kind for the combinatorial background and histogram templates from
MC for the KK and w7 background:

N N
P(x|u, 0, Ng, a1, a2, a3, N) :NSSBJ(”“’ o) + WSBJM(W) +
+ +
NB NkB NpB
C(z|a1, as, as) + Te(x) + ——T,(x). 5.12
NoClalan,ax,05) + 2T (@) + Ty ). (5.12)

Here J and Jg, are given by Eq.(5.8) and Ng is the number of the signal events which is the
same in the narrow and swapped signal. Furthermore, the swapped signal function (Jsy,) is
defined to have the same center (i) as the one of the narrow signal. The width of the swapped
signal is fixed by that on the MC sample. C is the third-order Chebyshev polynomial composed
of
To(x) =1, Ti(z) ==z, Thyi(z)=22T,(x)—Th-1(x) (5.13)
with coefficients applied as
a; - Ti(z), i=1,---,3, (5.14)

and Np is the number of combinatorial background events. 73 and 7, are functions defined by
template histograms extracted directly from MC for the K K and 7w backgrounds, respectively.
The KK and 77 event numbers (Np and Npp, respectively) are fixed relative to Ng based on
the MC ratio, i.e.,
4] Nyp = Ng X Ngg

pB S Ngzc :
As a result, P has a total of 7 free parameters, u, o, Ng, a1, as,a3 and Np.

The fit results on the data for all bins can be found in Appendix D.2. The reconstruction

efficiencies of D were calculated also based on Eq.(5.10) with the D MC. Nreco&true ig deter-
mined by fitting the narrow signal using the first term only in Eq.(5.12), of which results can be
found in Appendix D.2. The signal yields and the efficiencies are summarized in Figure 5.12.

(5.15)

5.5 Cross section

The D** (D) cross section is determined by the following formula

B N
T L-<BR
where N and ¢ are the signal yields on data and the reconstruction efficiencies, respectively,
which can be found in Figure 5.10 and 5.12. L is the effective luminosity of the data sample,
which can be found in Table 5.1, 5.2 and 5.6. BR is the branching ratio of the corresponding
decay chain(s). In the case of D**, BR was given by 0.0267 £ 0.0003. BR was given by
0.0395 £ 0.0003 for D°. The cross sections are summarized in Figure 5.13 and 5.14 for D** and
DY, respectively.

(5.16)
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Figure 5.12: DY signal yields on the data (left) and the reconstruction efficiency on the D°
MC (right) in the 13 TeV analysis. In the left figure, the bins where the fit does not give a
convergent result are quoted by 0.

5.6 Non-prompt contamination

The D**(D°) reconstruction includes both prompt and non-prompt D**(D°). The prompt
D**+ (DY) is produced directly from a charm quark, while the non-prompt one is a decay product
of a b hadron. For the purpose of measuring charm production, the non-prompt D** needs to be
separated from the prompt one. Using the so-called D° DCA [128] distribution, the non-prompt
contribution can be separated based on data, as the prompt cross sections were measured at
Vs = 5 TeV in [120,128]. However, this data-based approach cannot give reasonable results
for e.g. the 7 TeV data, of which statistics is not enough. In the previous 7 TeV study [119],
the preliminary prompt cross sections were given by a charm fraction®, 0.90 + 0.05, which was
determined with an assumption based on the 5 TeV data-driven results, and applied without
kinematic dependence. After the previous study, I developed a theory-inspired approach, which
was also used as an evaluation of systematics on the non-prompt contamination in [23]. The
charm fractions in the 7 and 13 TeV analysis were determined based on this approach, although
the 13 TeV sample has enough statistics!.

In the theory-inspired approach, charm fractions were determined based on Pythia bin-by-
bin. First, beauty fractions were extracted by Pythia and then normalized to data as shown in
Figure 5.15. The data points were derived by taking a ratio of the non-prompt measurement
to the mixed D** (D) measurement. The D** (D) measurement was taken from the previous
sections, while the non-prompt measurement was derived by translating the non-prompt D°
measurement at /s = 5 TeV [128] using the FONLL ratio:

FONLL b
FONLL b(5 TeV D)

where b stands for the non-prompt production cross section. The FONLL b was derived by a
convolution of the b hadron FONLL prediction with a kinematic Pythia decay table shown in
Figure 5.16 which shows a b hadron decaying into D**(D?) including migrations in both pr
and |y|.

After the normalization, the Pythia ratio of non-prompt to prompt describes the data well
within the assigned uncertainty of 30% for D** (see Figure 5.17a and 5.17c) and 60% for D°
(see Figure 5.17d). Here, a much larger uncertainty was assigned for D° as a conservative

CMS b = CMS b(5 TeV D) x (5.17)

In this thesis, the charm(beauty) fraction refers to a ratio of prompt(non-prompt) to prompt plus non-prompt
production.

#The 13 TeV non-prompt contamination determined in this thesis could be a reference to the one which would
be determined with the data-based approach in the future.
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Figure 5.13: D** cross sections. Unit is [pb]. The bins of 1 < pr < 2 GeV and 2 < |y| < 2.5
show results which are not real measurements.
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Figure 5.14: DU cross sections at /s = 13 TeV with statistical uncertainties only. Unit is [ub].
The bins where the fit does not give a convergent result are quoted by O.

uncertainty by covering the FONLL prediction also well. Meanwhile ALICE has both non-
prompt and prompt D° measurements at /s = 5 TeV [9], and the ratio was thus cross-checked
against the ALICE measurements. The 7 TeV Pythia describes also the ALICE measurements
well within the 30% assigned uncertainty (see Figure 5.17b). The assigned uncertainty on the
ratio was then propagated into a systematic uncertainty of the charm cross section, resulting in
roughly 1-3 % for D** and 3-6 % for D° depending on the phase space. The explicit numbers
can be found in Figure 5.18 bin-by-bin.

The determined charm and beauty fractions are summarized in Figure 5.19. By normalizing
the Pythia beauty fraction, the reconstruction efficiency needs to be corrected accordingly. The
corrected efficiencies are currently provided for the D*T results only, which are summarized in
Figure 5.20. Comparing the corrected efficiency (Figure 5.20) with the previous one shown in
Figure 5.10 and 5.12, it turns out that the correction is almost negligible (O(1%)).

Since it is not clear whether the Pythia decay tables (produced at /s = 5 TeV) can be
extrapolated also to v/s = 0.9 TeV, this approach was not introduced into the 0.9 TeV analysis.
Charm fractions in the 0.9 TeV analysis were thus determined by taking the Pythia fractions
without normalization, assigning very conservative uncertainties directly by the beauty frac-
tions. The preliminary fractions are shown in Figure 5.21.

5.7 Systematic studies

This section presents mainly the studies done to complete the systematics first in the 7 TeV
analysis. The systematic studies of the 13 and 0.9 TeV analysis are not complete yet, although,
the partial status of it will be briefly summarized at the end of this section.

5.7.1 Signal extraction systematics at 7 TeV

Many further systematic studies on signal extraction were provided with the 7 TeV samples.
As a validation of using the background subtraction method and to determine systematics of
the signal band definition, the D** signal was extracted bin-by-bin also using the fit method.
However, as it can be seen from Figure 5.22, a few bins (highlighted by the red box) have very
poor statistics such that the so-called unconstrained fit, which is defined by Eq.(5.6), can not
give a reasonable result. To derive a more reasonable fit result, a so-called constrained fit was
introduced using the D° MC sample, which has about 7 times larger statistics compared to the
data (refer to Table 5.1). The constrained fit is given by a negative log likelihood, which is
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Figure 5.15: Beauty fraction comparison between data, Pythia and the FONLL prediction. The
Pythia shape (the red dashed line) is normalized to the CMS data (the black points), which
results in the red bold line.
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Figure 5.17: Ratio of non-prompt to prompt D meson.
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Figure 5.18: Systematic uncertainty of beauty fraction subtraction for D** at /s = 7 TeV
(top) and 13 TeV (middle), and D° at /s = 13 TeV (bottom). The 7 TeV results are final,
while the 13 TeV ones need to be reevaluated.
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Figure 5.19: Charm (left) and beauty (right) fractions after normalizing Pythia to the 7 TeV
D** data (top), 13 TeV D**t data (middle) and 13 TeV D data (bottom). The charm fractions
are given with systematic uncertainties determined by Figure 5.18.
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Figure 5.20: The corrected reconstruction efficiencies for D** at /s = 7 TeV (upper) and 13

TeV (lower).
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fractions were propagated as systematic uncertainties on the prompt cross sections. Figures are
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Figure 5.22: D*T signal on the 7 TeV data. The blue curves show fits of the right charge
histograms, which were provided by Eq.(5.6). The red boundary indicates the region where the
unconstrained fit method does not work well.
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Figure 5.23: Ratio of the center of the signal between the data and MC sample. These were
derived by fits with Eq.(5.6). The red box indicates the region where the fit might fail.

defined as a simultaneous fit of the three distributions, the right and wrong charge on the data
and the right charge on the MC:

— In(Pois(N§, g, NO) - Gu(ulp™, 0,) - Go (00, 04) - | [ Pr(il, 0, N, a1, a9, Np))
i
— In(Pois(Ng, NG - HPw(a:j|a1, az, NB))
J
— In(Pois(Ng' g, N5°) - HPmc(kamc, o™ NG al*, a5, NE°)). (5.18)
k

The first and second line of Eq.(5.18) are the likelihoods for the right and wrong charge, re-
spectively, on the data (r(w) stands for the right(wrong) charge), while the third line is given
for the MC fit. The wrong charge likelihood doubles the statistics and provides a constraint for
the background function not biased by the signal. P, and P, are described by Eq.(5.7), while
P is given by the second term on the right-hand side of Eq.(5.7). The right charge likelihood
contains two normal Gaussians (gu and G, ), which constrain the center and width of the signal
on data relative to those on MC. Here the normal distribution is expressed by

1 _@—p?
exp 27 (5.19)

G(zlp, o) = o

The parameters 0, and o, in the constraining terms (gﬂ and G,) were determined based
on results of independent fits on the data and MC, which were extracted using Eq.(5.6). The
individual results were taken to derive ratios of the center and the width of the signal between the
data and the MC; p/p™¢ and o /0™¢ which are summarized in Figure 5.23 and 5.24, respectively.

As shown in Figure 5.23, the center of the signal shows consistent results in the entire phase
space, excluding the poor statistics bins again highlighted by the red box. Therefore, an average
over the full phase space (except the red-box phase space) was taken to determine 4 and o,
which turned out to be 0.9994 £ 0.0001. The central value of this number was rounded and
taken to correct the center of G, as

ume — 0.999p™¢ (5.20)
with o, = 0.001p™.
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Figure 5.24: Ratio of the width of the signal between the data and MC sample. These were
derived by fits with Eq.(5.6). The red box indicates the region where the fit might fail.
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Figure 5.25: Estimation of a value for the bin 2 < |y| < 2.5. The blue dashed line is a linear
fit and the green band is the average of the black circle points in the range 0 < |y| < 2. The
ratio for the bin 2 < |y| < 2.5 was determined to be 1, which was allowed in the constrained fit
to vary within the red band at 68 % confidence level.

In the case of the width, the ratios are |y| dependent, thus the values were averaged for each
ly| bin, while again the poor statistics bins were excluded from consideration. The results are

0.0 < |y| < 0.5:1.24 4 0.06
0.5 < |y| < 1.0 : 1.07 +0.08
1.0 < |y| < 1.5: 1.09 £ 0.08
1.5 < |y| <2.0:1.01£0.09 (5.21)

where the uncertainties are statistical uncertainties. Instead, for the bin 2 < |y| < 2.5, an
extrapolation was introduced as shown in Figure 5.25. A linear fit and an average are introduced
to the four black-circle points (the four numbers of Eq.(5.21)), which are shown by the blue
dashed line and the green band, respectively. A reference point indicating o = ¢™¢ is placed
between the blue line and the green band in the bin 2 < |y| < 2.5. Therefore, 1.00 is taken to
be the ratio for the bin 2 < |y| < 2.5. With these numbers, 0™¢ and o, were determined to be

| |0<|y<05]05<|y<l|l<ly<l5|lbh<lyl<2|2<]y <25|
o | 1.24 g™° 1.07 g™° 1.09 o™° 1.01 o™ 1.000c™ |.
0.24 o™¢ 0.07 o™¢ 0.09 o™¢ 0.10 o™¢ 0.11 o™¢

Og
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(b) Constrained fit results. The black curves are fits to the right charge, which are provided by Eq.(5.18).
The fit result of the right figure appears to be within a reasonable range of what is expected.

Figure 5.26: Mp«+ — Mpo distributions and fit results for the bin 1.5 < |y| < 2 (left) and
2 < |y| < 2.5 (right) in the range 4 < pr < 5 GeV.

By default, the difference between the data and MC width is used to determine o,, which in
turn results in the red bands for the three points in the range 0 < |y| < 1.5 in Figure 5.25. The
red bands cover well both the fitted and the averaged values. The other two points in the range
1.5 < |y| < 2.5 are already very close to ¢ = ¢"¢ and thus the uncertainties were determined
by the maximum distance to the fitted and the averaged value, which are shown again by the
corresponding red bands.

With these determined parameters, the constrained fit of Eq.(5.18) was applied to the sam-
ples. An example of the fit results on one of the poor statistics bins is shown in Figure 5.26b.
All the individual results bin-by-bin can be found in Appendix D.1.

The signal yields were extracted from the constrained fit results and compared to the ones
obtained from the background subtraction method, which are shown in Figure 5.27. To compare
with the subtraction results (Figure 5.27a), the fit results were provided for the numbers of the
signal truncated to the signal band (Figure 5.27b) in addition to the full signal results (Figure
5.27c). Figure 5.27a and 5.27b show consistent results, and it was decided that the background
subtraction was used by default and the systematics with the signal band was further studied
based on the fit results.
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Figure 5.27: The number of D** signal events on the 7 TeV data.
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Figure 5.28: Double-ratios between the 7 TeV data and MC sample for the number of the signal
events with and without the truncation of the signal region.

To determine the systematics of the tail outside the signal band, double-ratios of the results
with and without the signal truncation between the data and the MC were provided, which are
shown in Figure 5.28. Based on what is shown in Figure 5.28, a 3 % uncertainty was assigned
to account for the signal tail systematics.

5.7.2 Pileup and era dependence at 7 TeV

To determine pileup effects on the 7 TeV cross sections, the reconstruction efficiency was com-
pared between pileup and no-pileup MC samples. For this comparison, the inclusive Mini-
mumBias MC samples, which are listed in Table 5.10, were taken for the study. Events on

Table 5.10: 2010 7 TeV MinimumBias MC samples used to determine pileup systematics. (PU)
is the average of the number of good primary vertices per D* candidate.

MC Sample #Events (PU)

/MinBias_TuneZl HFshowerLibrary_7TeV_pythia6/
Summer12-LowPU2010_DR42_NoPileUp_START42_V17C-v1/AODSIM 9,994,400 1.010

/MinBias_TuneZ2star _HFshowerLibrary_7TeV_pythia6/
Summer12-LowPU2010_DR42_NoPileUp_START42_V17C-v1/AODSIM 19,866,400 1.018

Total 29,860,800 1.015
/MinBias_TuneZ1 HFshowerLibrary_7TeV_pythia6/
Summer12-LowPU2010_DR42_PU_SO_START42 V17B-v1/A0DSIM 9,994,400 2.875
/MinBias_TuneZ2star HFshowerLibrary_7TeV_pythia6/
Summer12-LowPU2010_DR42_PU_SO_START42 V17B-v2/A0DSIM 19,868,000  2.909
Total 29,862,400  2.899

each pileup and no-pileup sample in the list were added up with a weight 1. Still the statistics
of these combined samples is much lower than the data, thus the reconstruction efficiency was
compared in the two categories, pr < 3.5 GeV and pr > 3.5 GeV, which is shown in Figure
5.29. With pileup, the reconstruction efficiency is lower by 5.2 4 6.7% in the lower pr region
and larger by 3.6 + 2.9% in the higher pr region.

The pileup effect was also checked in the reconstructed kinematic distributions of inclusive
MinimumBias tracks. In Figure 5.30, pr and 7 distributions are compared between the pileup
and no-pileup MC samples. Part of the differences could potentially originate from the MC
tune for the pileup simulations which might be different from the main simulated MinimumBias
events. The fluctuations shown in Figure 5.30 are typically within ~ 5 % in pr and much less
than those in 7. The regions where the deviations are large have almost no statistics and lie
outside the kinematic region used in this analysis. Thus it is assumed that there is no significant
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Figure 5.29: Reconstruction efficiencies calculated from no-pileup (left) and pileup (right) MC
samples in Table 5.10.
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Figure 5.31: Pileup distributions of D** signal events. Figure is taken from [122].

pileup dependence for the shape in 7, while effects of O(5%) may be expected in py. This is also
qualitatively consistent with what is observed in the reconstruction efficiency in Figure 5.29.
Therefore, a systematic uncertainty of +5% was added globally accounting for pileup effects
without correction on the central value of the cross sections.

It turns out that the data distributions are well described by a mixture of the pileup and
no-pileup MC samples with a relative weight to be 2.6:1, which is consistent with the fraction
of data from low pileup MinimumBias/ZeroBias runs and NMB events from standard trigger
runs. For example, the pileup distributions of D** signal events show good agreement between
the data and MC in Figure 5.31.

The data samples listed in Table 5.1 have different (PU) from the early runs of 2010 to Run B.
In an additional Table 5.11, the number of good primary vertices per D** candidate in (N)MB
events, which refers to (PU), are shown. To determine the era dependence of the cross sections,
the datasets were separated into 7 subsamples with similar effective NMB luminosity. Then
ratios of the number of D** signal events to the effective luminosity (N/L£) were determined for
each subsample first without pileup correction. Calculating a x2/ndof for the individual results
to be compatible with their average(total) gives 9.9/6 in the lower pr region and 10.8/6 in the
higher pr region. This changes into 8.9/6 in the lower pr region and 13.8/6 in the higher pp
region with a pileup correction applied. The pileup correction was assumed to scale according
to a formula [122]:

¢=1+a(PU)((PU) —1) (5.22)

With (2.9) of the pileup MC samples in Table 5.10, a is determined to be +0.0094 with ¢ =
+1.052 in the lower pr region (5.2% decreased efficiency), and —0.0065 with ¢ = 0.964 in the
higher pr region (3.6% increased efficiency). Empirically assigning an additional uncorrelated
systematic uncertainty of 7% for each of the 7 subsamples, the x?/ndof becomes 8.6/6(7.6/6) in
the lower pp region and 4.3/6(5.8/6) in the higher pp region without(with) the pileup correction.
The sum of x2/ndof turns out to be 13/12, which is consistent with 1/dof independent of whether
the pileup correction is applied or not. Detailed calculations given to derive these x? /ndof results
can be found in Table 5.11.

For the 7 independent samples, this gives an uncertainty of v/7%. With slightly varying
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Table 5.11: Determination of the pileup effects on the era dependence of the D*T cross sections at /s = 7 TeV. Data samples are listed in the
same order as in Table 5.1. (PU) is the average of the number of good primary vertices per D*T candidate, and N is the number of D** signal
events. o refers to the deviation from the total, which is divided by the corresponding data uncertainty, and o(+7%) shows the same but with an
empirically assigned 7% uncertainty. x?/ndof at the bottom of this table was derived by each o value.

before PU correction after PU correction

Sample | (PU) | £ [nb™}] lower pr higher pr lower pr higher pr

N/L [nb] o o(+7%) | N/L [nb] o o(+7%) | N/L [nb] o o(+7%) | N/L [nb] o o(+7%)
- MS W.MM 0.202 | 391£109 | -0.41 | -0.40 | 1708+134 | +0.48 | +0.36 305 | -0.50 | -0.48 1690 | +0.59 | +0.44
MB C10 | 1.041 | 0.620 503+ 61 | +1.10 | +0.95 | 1689+76 | +0.59 | +0.32 503 +0.89 | +0.77 1689 +1.03 | 4055
MB A 1.773 0.498 512 4+ 66 +1.15 +1.01 1639 4+ 84 -0.06 -0.04 517 +1.03 +0.90 1623 +0.14 +0.08
MB B 2.494 0.309 505 4 87 +0.79 +0.73 1757 &+ 107 | +1.06 +0.69 520 +0.82 +0.75 1722 +1.04 +0.69
HM .M wwww 0.473 478 + 70 +0.60 +0.54 1457 £+ 85 -2.20 -1.41 516 +0.96 +0.85 1384 -2.67 -1.76
Mu A 2.927
tu B 3.663 0.455 299+ 73 -1.88 -1.80 1534 + 86 -1.28 -0.80 323 -1.73 -1.65 1457 -1.79 -1.15
MM A 2.500
MM B 3.630
EG A 3.079
El B 3449 | qas | 318472 | -164 | <157 | 1793492 | +1.62 | +0.96 343 147 | -1.40 1703 | +1.00 | +0.61
EGM A 0.000 : o o : : e o : :
EGM B 3.614
Total 2.422 | 3.001 436 + 28 1644 + 34 449 1611

[ x°/ndof | 7 [ 9.9/6 | 86/6 | | 10.8/6 | 4.3/6 | | 8.9/6 | 7.6/6 | | 13.8/6 | 5.8/6 |
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luminosity, eventually an additional systematic uncertainty of 3% was assigned to account for
the era and NMB dependence. This uncertainty was applied as correlated between all bins,
since all measurement bins are from the same average sample.

5.7.3 Systematic uncertainties

The following summarizes the complete(partial) set of systematic uncertainties in the 7 TeV (13
TeV and 0.9 TeV) analysis:

MC statistical uncertainties were propagated as systematic uncertainties for the eval-
uation of the reconstruction efficiencies, which were shown in Figure 5.10 and Figure 5.12 for
each analysis.

Luminosity uncertainty assigned for the 7 TeV analysis is 4% by accounting for the
calculation of the effective luminosity of the NMB samples and the luminosity measurement for
2010 7 TeV data [129]. Official uncertainties of the Run 3 luminosity at /s = 0.9 TeV are not
available at the time of writing this thesis and a conservative uncertainty of 10% is currently
used in the 0.9 TeV analysis [121], which will be reevaluated.

Branching fraction uncertainties with 0.0267 4= 0.0003 for D** and 0.0395 4 0.0003 for
DY, were propagated as systematic uncertainty of 1% in the 7 and 13 TeV (for both D** and
D cross section) analysis and 1.5% in the 0.9 TeV analysis.

Tracking efficiency uncertainties were assigned in the 7 TeV analysis to be 2.3% for K
and 7 tracks based on measurements in [130], while the 75 uncertainty was estimated to be 5%
to account for the reconstruction efficiency dropping down for pr < 1 GeV to about a half of its
maximum. When assuming the tracks are maximally correlated, a total of 8% is determined
for the 7 TeV D*T reconstruction.

Non-prompt contamination systematics in taking Pythia to determine beauty fractions
was studied compared to measurements as described in Section 5.6 in the 7 and 13 TeV analysis.
Accordingly the systematic uncertainties of the non-prompt contamination were propagated to
the prompt cross section, 1-3% for D** and 3-6% for D° depending on phase space as shown
in Figure 5.18. In case of the 0.9 TeV analysis, the beauty fractions determined by Pythia
without normalization were propagated as the systematic uncertainties, 3-11% depending on
phase space as shown in Figure 5.21. The uncertainties in the 13 and 0.9 TeV analysis are
temporarily assigned and should be reevaluated. The 7 TeV uncertainty is the final one.

Pileup systematics in the 7 TeV analysis was determined in Section 5.7.2, and as a result,
5% and 3% uncertainties were assigned to account for pileup effects on the reconstruction
efficiencies and era dependence, respectively. In the case of 0.9 TeV, the MC sample used for
the reconstruction efficiency evaluation was produced based on the 2021 data and thus describes
well its pileup distribution. A discrepancy between the 2021 MC sample and the 2022 data was
studied and systematic uncertainties turned out to be less than 1% except for pr > 7 GeV
bins where the efficiencies were corrected by 0.001. In the case of 13 TeV, the pileup distribution
of the D MC sample was reweighted to that of the data as shown in Figure 5.4, for which the
distributions of the number of primary vertices per event were used to account for both the D*T
and D reconstruction at once. However, it was observed that the average pileup for D** events
(the number of primary vertices per D*T candidate) was shifted a bit to each other between
the data and MC (see Appendix E), i.e., the average pileup is ~ 22 on the MC and ~ 25 on the
data. Further studies to determine the shifted pileup effects are required.

Signal tail systematics was studied further in detail using the contrained fit method in
the 7 TeV analysis as described in Section 5.7.1. Accordingly a 3% uncertainty was assigned.
For the 13 and 0.9 TeV analysis, the systematic uncertainties are not yet evaluated.

Multiplicity rescaling systematics in the 0.9 TeV analysis, which was induced by intro-
duction of a rescaling factor to resolve discrepancies of p:J;mc variables between the MC and the
data (refer to Figure 5.6), was studied. As a result, uncertainties of 1-3% depending on phase
space were determined.
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Meanwhile, discrepancies observed between the data and MC sample in the 13 TeV analysis,
and systematic effects of those on cross section measurement, were not fully understood yet,
which should be properly investigated; the shifted pileup distribution, discrepancies in the
number of tracks fitted to D** candidates in the higher p region, ~ 10% discrepancies observed
with e.g. pémc variables, and discrepancies observed on 7} tracking efficiency measurements
(see Appendix C).

The DO signal extraction is totally based on the fit method, and thus further detailed sys-
tematic studies should be provided for e.g. the definition of the signal function and systematics

of the background template definition.

5.8 Prompt D*" cross sections

Finally, prompt D** cross sections were determined at /s = 7 TeV (with the complete sys-
tematic uncertainty), 13 TeV (with incomplete systematic uncertainty) and 0.9 TeV (with in-
complete systematic uncertainty), which are shown in Figure 5.32 - 5.34. The 7 and 13 TeV
cross sections are compared with ALICE measurements from [13,15] in |y| < 0.5 and LHCb
measurements from [17,18] in 2 < |y| < 2.5. Good agreement was observed between the D**
measurements (apart from the fact that the effective luminosity in the 13 TeV analysis is not
determined yet). The 0.9 TeV cross sections shown in Figure 5.34 are the first cross section
measurements ever introduced for charm production at this center-of-mass energy, and thus
there is no measurement available to be compared with.

Each measurement is also compared to Pythia (the dashed lines) and FONLL predictions
(the blue bands). Note that the FONLL prediction is provided based on the charm frag-
mentation universality, while it has been reported recently that the charm fragmentation is
non-universal. Therefore it is not expected to be consistent between the measurements and
the FONLL prediction in the figures, but the effects of the non-universality are not significant
in D meson production compared to the given theory uncertainties. Further detailed discus-
sions about the non-universality will be presented in the next chapter, and total charm cross
sections will be derived by taking these measurements shown in this section and applying the
non-universal charm fragmentation.

The very preliminary results of measuring prompt D° cross sections at /s = 13 TeV are
shown in Appendix B.
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Figure 5.33: Prompt D** cross sections at /s = 13 TeV as a function of py. The vertical error
bars indicate the statistical uncertainties, and the error boxes show the systematic uncertainties.
The systematic uncertainties of CMS are incomplete.
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Figure 5.34: Prompt D** cross sections at /s = 0.9 TeV as a function of py. The systematic
uncertainties are incomplete. Figures are taken from [121].
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Charm Fragmentation Study and Total
Charm Cross Section

6.1 Introduction

Recent LHC measurements reported that the charm fragmentation fractions disagree between
ete” /ep and pp collisions [15,25] with up to ~ 50 discrepancies and the baryon-to-meson ratio
in charm production has a clear pr dependence at low pr [10,15,21] (refer to also Section 3.3).
A significant pr dependence was observed also in beauty production as shown in the left panel
of Figure 6.1 where the fit to the LHCb measurements gives a result consistent with the LEP
value at high pr. Similarly, the charm baryon-to-meson ratios at the LHC are asymptotically
close to e.g. the LEP data at high pr, as shown in the right panel of Figure 6.1. Note that the
LEP point is added at the approximate pr in Z decays as done in the left figure. To show the
asymptotic agreement with the LEP data at high pr, a fit (the red curve) is performed to the
ALICE data at /s = 13 TeV including the LEP point, using an exponential function as the one
used in the left figure and the resulting parametrization is 0.083 +exp [— 0.748 4 (—0.095) x pT] .
This shows also good agreement with the ALICE and CMS data at /s = 5 TeV. This fit is
provided only for a demonstration purpose and thus the fit results will not be discussed further
or used anywhere else in this thesis. Although, it is clear that the baryon-to-meson production
ratios in pp collisions agree well with the asymptotic pr dependence and with the LEP value at
high pr, both in the charm and beauty production.

The study given in this chapter starts from these observations. First of all, phenomenological
results from eTe™ /ep data cannot be directly applied to pp collisions in an universal way as
done so far. With the universality assumption, the charm fragmentation is independent of
either kinematics or the collision system. The charm fragmentation fraction has been measured
precisely from ete™ /ep collisions and indeed no significant discrepancies have been reported
between the two. Thus fragmentation universality has been assumed so far and applied also
to pp collisions. However, since it has been shown above that the charm fragmentation is
clearly dependent on the collision system (Section 3.3) with a clear kinematic dependence in pp
collisions, this mon-universality should be treated properly with pp data. This is particularly
important for the derivation of the total charm cross section by extrapolating measured fiducial
cross sections of hadrons.

To treat the non-universal charm fragmentation, in this thesis, a pr dependent correction is
introduced to derive so-called pr dependent production fractions instead of using the fragmen-
tation fractions (defined to be independent of kinematics). Since the LHC measurements show
consistency with LEP data at high pr, the LEP data (more generally, eTe™ data, see later)
is taken to be a value at high pr with a pr dependent correction introduced for the lower pr
region. As a starting point, the study is performed with the most simple assumption, that the
meson-to-meson and baryon-to-baryon ratios are still universal, i.e., independent of either the
collision system or kinematics (refer to Section 3.3 and see more later). Under this assumption,
the pr-dependence of the baryon-to-meson ratio can be defined by a general form. It is also as-
sumed that the charm fragmentation is independent of (pseudo-)rapidity (refer to Figure 3.17).
With these assumptions, the pr dependent correction is determined by one of the well measured
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Figure 6.1: Measurements of the ratio of AY to BY (left figure) and the ratio of Al to D° (right
figure). The left figure is from [89], where the exponential fit to LHCb data gives consistent
results to LEP at high pr. In the right figure, the ALICE and CMS points are collected
from [10,15] and [21], respectively, and LEP points are derived based on the numbers given
in [47]. Here the fit in the right figure is given only for a demonstration purpose to show
consistency with what is observed from beauty production using the same exponential function.

baryon-to-meson ratios as a function of pr. Using data directly, the study is introduced without
the need to assume any particular non-universality fragmentation model. The derivation of the
pr dependent production fractions by applying the ppr dependent correction will be discussed
further in Section 6.2.1.

This pr dependent production fraction is then applied to derive total charm cross section
measurements at the LHC. To extrapolate the fiducial hadronic cross sections to the full phase
space, FONLL was taken but modified by applying the pr dependent production fractions.
This is called ddFONLL in this thesis. More detailed discussions about this phenomenological
approach for the extrapolation are given in Section 6.2.2.

Eventually, total charm-pair cross section measurements are presented at various center-of-
mass energies (1/s) at the LHC in Section 6.3.2. Providing these measurements allows for a
comparison to the NNLO theory (refer to Section 2.4). Furthermore, the theory is totally free
from fragmentation inputs at the total cross section level. Thus, the measurements provided as
a function of /s can be used to constrain QCD parameters like the charm mass and the low-z
part of PDFs (some PDF sets show still very large uncertainties at the low x, i.e., the large
V/s). The first example of applying the results to constrain the QCD parameters will be also
shown in Section 6.3.2.

6.2 Non-universal charm fragmentation and extrapolation
As introduced above, the study starts with the simplest assumptions made to apply the non-
universal charm fragmentation to the extrapolation:

Assumption 1 meson-to-meson and baryon-to-baryon ratios are universal, i.e., independent
of kinematics and the collision system,

and

Assumption 2 baryon-to-meson ratios are dependent on transverse momentum, while inde-
pendent of (pseudo-)rapidity.

Besides what have been shown already above, additional cross checks on these assumptions will
be provided in the following sections.
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6.2.1 pr dependent charm hadron production fractions

In this thesis, pr dependent production fractions (f(pr)) are defined for pp collisions as cross-
section fractions of each hadron state relative to the sum of all the weakly-decaying ground
states (w.d.) as a function of pp:

dog,

fu.(pr) = (6.1)

Ew.d.do' H,. ’
where do is the pp-differential cross-section and py is the transverse momentum of each hadron.
The weakly-decaying ground states* are taken to be D°, D, DF A} =0 =+ and QU.

To derive f (pr), so-called pr dependent factors (F' (pT)) are applied to the fragmentation
fractions of ete~ /ep collisions (f*™):

fpolpr) = f55 Fus(pr), (6.2)
fpo+(pr f”mFMS(PT),

and 3 '
fao(pr) = f6" Fy (pr), (6.8)

where the same factors Fyrs(pr) and Fpy (pr) are applied to each meson and baryon state,
respectively, making use of the simplest assumption mentioned above. By definition, the sum
of the production fractions for all the weakly-decaying ground states is unity:

fitsFas(pr) + f8Y Fay (pr) =1 (6.9)

where f}(/}g is the sum of all meson fractions:

f’LLTL'L _{_f%’l’il _'_f’lLTL’L (6.10)
and f“m is the sum of all baryon fractions:
funz +f’LL7’lZ _|_fu7ll +funz. (6.11)
Then the relation between meson and baryon modifiers can be given by

Fpy(pr) = L= fumj;]zws(pT)- (6.12)

BY

To determine Fy;s(pr) and Fpy (pr), the most precise measurements of the ratio of baryon
to meson are to be taken and those are the measurements of the ratio of A to DY for the time
being. Denoting the pr-dependent cross-section ratio of A} to D° by R(pr), a relation between
R(pr) and f(pr) can be given as

fpo(pr) f“’”FMS( ) e Fys(pr) ’

*Here multi-charm states are neglected.

(6.13)
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where a constant term C' is defined by:

f’lLTLZ funz

fum um :

(6.14)

As aresult, Fyss(pr) and Fpy (pr) can be determined by the fragmentation fractions measured
in ete” /ep collisions and R(pr):

1 C
Fus(pr 6.15
R e (6.15)
and ) o
F =—1=——=—|. 6.16
Therefore, the pr dependent production fractions can be described, e.g., for D° and A as
fun?, C
X 6.17
fDO(pT) funz R(pT) + C ( )
and ,
~ A+ C )
= x(1l- = 6.18

by inserting Eq.(6.15) into Eq.(6.2) and Eq.(6.16) into Eq.(6.5), respectively.

The f“"s are to be extracted from either ete™ or ep data. However, as described in Section
2.2, the definition of fragmentation fraction is different in e*e™ and ep collisions. In this thesis,
avoiding additional arguments about the assumption Eq.(3.7) applied for charm fragmentation
fraction measurements, the eTe™ values only were used.

Then in this thesis, the fragmentation fraction sum of all the other states not yet measured
(29, EF and Q0) in e+ ~ collisions is assumed to be

fle=ED+ fle=ED) + fle— Q) (6.19)
=1-f(c—= D"+ f(c— D)+ f(c = DF) + f(c = A))

so that the sum of all the known weakly-decaying ground states is unity. The fragmentation
fractions measured in eTe™ collisions were taken from [47]. The collected eTe™ fragmentation
fractions for D, DT, Df and A} (including D*T) can be found in Table 6.1. The fractions of
the rest (2%, =} and QO) were derived by Eq.(6.19) where the uncertainty was calculated under
the assumption that all the measured fraction uncertainties are fully uncorrelated (the detailed
calculation of the uncertainty propagation is explained in Appendix I).

In Figure 6.2, the fragmentation fractions of ete™ data are compared to the ALICE mea-
surements at /s = 5 TeV [25] and 13 TeV [15]. The f(c¢ — Z. + Q) (here Z. + Q. indicates
0+ EF + Q) of the 5 TeV ALICE data is the double of the measured f(c — Z) to account
for the additional =} contribution where the Q0 contribution is already accounted for in the
uncertainties as described in [25]. Recently the 5 TeV ALICE results were updated in [15], but
the differences are not significant in the present context. Thus, here the numbers are still based
on [25] (i.e., the numbers are the same as the ones used for the results presented in [28]) The
fle— :C + Q) of the 13 TeV ALICE data' is given by the sum of the measured f(c — Z%) and
f(c — =F), where the QY contribution is accounted for in the uncertainties as described in [15].
The f(c — 2. + ) uncertainties of the 5 and 13 TeV ALICE data were calculated again by
assuming that the measurement uncertainties are fully uncorrelated.

Based on the fragmentation fractions shown in Figure 6.2, the ratios of meson to D° and
baryon to A} are derived as shown in Figure 6.3. The uncertainties were calculated again

TThe fragmentation fractions of the 13 TeV ALICE data [15] were measured by counting the J/4) contribution
also. However, the contribution is less than 1%, which is neglected in this thesis.
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flc— H.) LEP B-factory | ete™ averaged
DO 0.547 £0.022 | 0.577 +£0.024 | 0.562 + 0.016

D+t 0.227 £0.010 | 0.264 +0.014 | 0.245 £ 0.009

Df 0.093 £0.008 | 0.069 + 0.005 | 0.081 + 0.005

D*t 0.237 £0.006 | 0.247 +0.014 | 0.242 £ 0.008

AF 0.056 £ 0.007 | 0.053 +0.003 | 0.054 £ 0.004

=0 4+ =5 4+ 00 | 0.078 +£0.026 | 0.037 4+ 0.028 | 0.058 = 0.019

Table 6.1: Fragmentation fractions from e*e™ data extracted from [47]. The fractions of Z0 +
ZF + Q0 were derived so that the sum of fragmentation fractions of all the weakly-decaying
ground states is unity by assuming that measurement uncertainties are fully uncorrelated.

~ 15 I I I
:'i 0.9 e ALICE (fs=5TeV) 3
] ' s ALICE (s =13 TeV)
= 0.8 A LEP E
0.7 — v B-factory o
0.6 _ ; l‘ LEP & B:factory avera‘ge E
I S s s
0.5 s s | 2
0.4 f § | | -
0.3 A | | -
0.2 3 5" ave ’ r
o # s %
01_5 i ; ;‘ - avm 5 %%i r
O ] | | | | |
D° D* D! D** A =+,

Figure 6.2: Fragmentation fractions measured from the ALICE [15,25] and eTe™ experiments
[47]. The label =, + . indicates Z0 + = + Q0.
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Figure 6.3: Comparison of meson-to-DY, Df-to-DT and baryon-to-AJ ratios of fragmentation
fractions between ete~ and pp collisions. The label =, + €. indicates Z0 + ZF + QJ. The
uncertainties were derived under the assumption that the measurement uncertainties are fully

uncorrelated.

assuming that all the measurement uncertainties are fully uncorrelated. In particular, the

. . fz0 =100 .
propagation of the measurement uncertainties for %‘;*QC of eTe™ data can be found in
A

Appendix I. These ratios show consistency with the assurcnption that the meson-to-meson and
baryon-to-baryon ratios are universal.

The ratios of AT to DY to be used as R(pr) were collected from the measurements as a
function of pr at /s = 5 TeV from ALICE [10] and CMS [21], and at /s = 13 TeV from
ALICE [15]. As an asymptotic value at high pr, the eTe™ averaged numbers shown in Table 6.1
were used. In the case of 5 TeV, since the ALICE measurements are more precise in the lower
pr region, by default the ALICE points were used if applicable, otherwise the CMS points were
taken instead. The R(pr) values used for this thesis are explicitly written in Table 6.2. The
values in the range 0 < pr < 8 GeV were taken from the ALICE measurements as they are and
the value of 8 < pp < 10 GeV was taken from the ALICE measurement of 8 < pp < 12 GeV.
For pr > 10, the CMS measurement in the range 10 < pr < 20 GeV was taken for 10 < pr < 20
GeV and the averaged ete™ value was used as the pr > 20 GeV point. For the extrapolation
which will be introduced in the next section, the two values were summed to give an overflow
bin pr > 10 GeV by applying weights determined based on the FONLL predictions. Tentative
uncertainties for these weights are negligible compared to the measurement uncertainties in
the end. The statistical and systematic uncertainties of the ALICE and CMS measurements
were summed in quadrature. Similarly, R(pr) at /s = 13 TeV is shown in Table 6.3. All the
other points except the overflow bin were collected directly from the ALICE measurements. The
overflow bin is given by a combined point of the ALICE measurements in the range 10 < pr < 24
and the ete™ point defined for pr > 24, applying again weights determined based on the FONLL
prediction.

Using the numbers in Table 6.2 or Table 6.3 as R(pr) and the averaged numbers in Table
6.1 as f's, Fyrs(pr) and Fpy (pr) were derived with Eq.(6.15) and Eq.(6.16) and are shown
in Figure 6.4. Since the ratios of A} to D° are asymptotically identical to the ratio in ete™
collisions at high pp by construction, Fy;s(pr) and Fpy (pr) are asymptotically unity at high
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[GeV] R(pr)
O<pr<l1 0.420 + 0.125 — 0.125
1l<pr<2 0.533 + 0.098 — 0.098
2<pr<3 0.504 + 0.078 — 0.077
3<pr<i4 0.459 + 0.061 — 0.061
4<pr<5 0.387 + 0.057 — 0.057
5<pr<6 0.293 + 0.048 — 0.047
6 <pr<8§ 0.283 + 0.044 — 0.043
8 <pr <10 0.219 4+ 0.041 — 0.041

10 < pp < 20 | 0.232 4 0.078 — 0.067 0.293 + 0.074 — 0.063
pr > 20 0.096 + 0.007 — 0.007

Table 6.2: R(pr) at /s = 5 TeV. The third column of pr > 10 GeV was derived by the sum
of the two values in the second column applying weights determined based on the FONLL
predictions.

[GeV] R(pr)
O<pr<l1 0.472 + 0.029 — 0.106
l<pr<?2 0.438 4+ 0.068 — 0.069
2<pr<3 0.459 + 0.056 — 0.056
3<pr<4 0.434 + 0.050 — 0.050
4 <pr<5 0.385 4+ 0.041 — 0.041
5<pr<6 0.413 + 0.044 — 0.044
6<pr<7 0.321 4+ 0.038 — 0.038
T<pr<8§ 0.314 4+ 0.040 — 0.040
8 < pr <10 0.266 + 0.033 — 0.033

10 < pr <12 | 0.249 4+ 0.042 — 0.042
12 < pr <24 | 0.141 +0.028 — 0.029 | 0.189 + 0.033 — 0.034
pr > 24 0.096 + 0.007 — 0.007

Table 6.3: R(pr) at /s = 13 TeV. The third column of pr > 10 GeV was derived by the sum
of the three values in the second column applying weights determined based on the FONLL
predictions.
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Figure 6.4: Fy;s(pr) (red histogram) and Fpy (pr) (blue histogram) at /s = 5 (solid line) and
13 (dashed line) TeV. These are asymptotically close to 1 at high pr by definition, Eq.(6.9).

pr by definition, Eq.(6.9). Lastly, fpo(pr) and fAj‘ (pr) were derived by Eq.(6.2) and (6.5), of
which results are shown in Figure 6.5. The detailed calculation of the f uncertainties can be
found in Appendix I.

For the f uncertainties, an additional systematic uncertainty was assigned to account for
the assumption that meson-to-meson and baryon-to-baryon ratios are consistent between e*e™
and pp collisions and independent of kinematics. Precise measurements in beauty production
from LHC experiments, showed that B?/B* has a clear pr dependence at low pr, which is
asymptotically flat (refer to Figure 3.15) at high pp. No precise measurement is available
to show such a clear pr dependence yet for D mesons (refer to Figure 3.9). Therefore, an
additional uncertainty was assigned to account for possible pr dependence of the D/ DY and
D} /DT ratios, by covering the ALICE uncertainties of 0.14 < D}/D" < 0.24 and 0.33 <
D /D" < 0.56, as shown in Figure 6.6a. This uncertainty covers well also the ratios measured
as a function of pr (see Figure 6.6b).

In addition to fs for the ground states, f for D*t was also derived in order to extrapolate
the CMS D** measurements introduced in the previous chapter. To define a proper f for D**,
D**/D® measurements from ALICE at /s = 5 and 7 TeV [7] were compared with a prediction
extracted based on eTe™ data, as shown in Figure 6.7. The dashed curve is the prediction which
was derived by FONLL using the BCFY functions for D** and DY (refer to Section 2.2). The
comparison between the ALICE measurements and the prediction shows consistency within the
measurement uncertainties. This means that the same Fys(pr) can be applied for D**, and
thus fp«+ is defined as

fpe+ (1) = fH% Fars(pr), (6.20)

which is shown by the green points in Figure 6.5.

In Figure 6.7, the FONLL prediction derived with the Kartvelishvili function (Eq.(2.26)) also
is shown by the red curve. The o values were determined for each D** and D by comparing
the FONLL predictions derived using the Kartvelishvili function to the ones derived with the
BCFY functions. As a result, ax = 9.5 (D*T) and 6.1 (DY) were used in Figure 6.7, which
give again consistent results compared to the ALICE measurements. The derivation of these
ak values can be found in Appendix J. The extrapolation which will be introduced in the next
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Figure 6.5: fpo(pr), ngL (pr) and fp«(pr). The red, blue and green band are the DO, A}
and D*T fragmentation fractions with the uncertainties, respectively, measured from the eTe™
collisions.
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(b) Ratios of D to D° (left) and D (right), with figures adapted from [15]. The red bands refer to the
systematic uncertainties assigned at /s = 5 TeV.

Figure 6.6: Additional uncertainty (red bands) assigned to account for a possible pr dependence
of D /D® and D /D*.
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Figure 6.7: D*/D° comparison between ALICE measurements [7] at /s = 5 (the green triangle
points) and 7 (the blue square points) TeV and FONLL predictions (the black dashed and red
solid line).

section was provided with the Kartvelishvili function instead of the BCFY one. Then, ax was
introduced as free parameter for the y? scan in the extrapolation (see later). Varying oy deals
with a possible pr dependent ratio of D*T to DY, which is expected even in the universality
case, as demonstrated in Figure 6.7.

6.2.2 Data-driven FONLL

For the total charm cross section, charm hadron measurements of a constrained kinematic
range should be extrapolated (and interpolated, depending on available measurements) to the
full kinematic range. In this thesis, measurements were extrapolated by taking FONLL as
perturbative theory. To account for the non-universal charm fragmentation, the pr dependent
production fraction ( f) was introduced instead of the fragmentation fraction in the FONLL
framework (Eq.(2.59)):

AO_E{?NLL with f — F, (Aac ® DéVch) (6.21)

where Acs are integrated cross section over the bins. In order to reduce the FONLL theory
uncertainty, which is very large compared to measurement uncertainties given to date, a 2
scan was introduced for some of QCD parameters; the two theory scales (uf and p,), the charm
mass (m.) and the ax. In other words, the parameters describing data best are determined by
x? calculation defined by

Z (FONLL — data)?

6.22
statistical unc.? + systematic unc. ( )

5
data bins
Then, the so-called data-driven FONLL (ddFONLL) was defined with the best parameters.
To determine the best iy and ., new variables x; and x, were introduced for the theory
scales as

pf = 2% x pop and g, = 27 X pg (6.23)

110



Non-universal charm fragmentation and extrapolation

0
2 %
1 %
/
1 2 l'lf p'0

Figure 6.8: The coordinates (us, ptr) (left) and (z, x,) (right). The black cross marks indicate
the conventional seven scale sets listed in Eq.(2.61). The cross sections increase in the directions
of the arrows. The shadowed area refers to where CTEQ6.6 PDF is not fully validated with

o = /m?2 + p2T and m, > 1.3 GeV, which was excluded for the x? scan.

to vary the scales by the power of 2. Figure 6.8 illustrates the coordinates (ff, f1,-) in the left
panel and the coordinates (xf, z,) in the right panel. The origin of the coordinates is defined
by the conventional central scales, iy = po and p, = po, and all the black points represent the
conventional seven scale sets listed in Eq.(2.61). For the extrapolation, the CTEQ6.6 PDF was
taken as a proxy of the PROSA_VFNS PDF again. However in the application of PDF sets to
this extrapolation via LHAPDEF [131], it was observed that the numerical results are instable
at scales lower than @y, of each PDF set. For example, Qi is defined to be 1.3 GeV [132]
for the CTEQG6.6 PDF set, which means that I could not fully trust the results in the range
iy < 1.3 GeV due to observed numerical instability. Thus for this thesis, I considered only
py > 1.3 GeV where the application is fully validated down to pr = 0 GeV with m, = 1.3 GeV
(the minimum m, considered in the extrapolation):

pf = 2% +/(m. = 1.3 [GeV])2 + (pr = 0 [GeV])2 > 1.3 [GeV]. (6.24)

In other words, the best scales were determined in py > 1.3 GeV.

The first study [28] was introduced to DY measurements at /s = 5 TeV in pp collisions. The
D° measurements at /s = 5 TeV are available from the ALICE [9], CMS [20] and LHCb [16]
experiments, of which the kinematic ranges are listed in Table 6.4. However the ALICE and
CMS measurements have overlapping cross-sections within |y| < 1. For the integrated cross
section over |y| < 1, the CMS measurement covers ~ 40% while the ALICE measurement covers
~ 50% with much better precision. Furthermore, the contribution of the CMS measurement in
the range 36 < pr < 100 GeV is negligible for the total charm cross section. In other words,
the single ALICE measurement covers already the maximum of the cross section in the range
ly| < 1. Therefore, the ALICE and LHCb measurements only were considered in this thesis.

The D measurements were extrapolated using the modified FONLL (Eq.(6.21)) where the
pr dependent production fraction is given by fpo (Eq.(6.2)). However, since this was performed
as the first study for this thesis, I extrapolated the measurements also using the original FONLL
(Eq.(2.59)) which is fully based on the universality assumption of the charm fragmentation. This
could provide a direct comparison to the previous LHC measurements which were still based
on the universality assumption and detach a cross check of the extrapolation scheme from
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ALICE | |y|<0.5 0 < pr < 36 GeV
CMS ly| < 1.0 2 < pr < 100 GeV
20<y <25 | 0<pr <10 GeV
25<y<3.0]| 0<pr<10 GeV
LHCb |3.0<y<35| 0<pp <10 GeV
35 <y<4.0| 0<pr<9GeV
40<y<4b5 | 0<pr<6 GeV

Table 6.4: The kinematic ranges covered by the ALICE [9], CMS [20] and LHCDb [16] experiments
for D measurements at /s = 5 TeV.

introducing the non-universality fragmentation (see the next section). For an application of the
universality assumption, fg%i = 0.56240.016 (refer to Table 6.1) was used as the fragmentation
fraction in the original FONLL (Eq.(2.59)).

The 2-dimensional x? tables were produced with 5 different fixed z r=20,0.25,0.5, 0.75 and
1, and 4 different fixed m, = 1.3, 1.5, 1.7 and 1.9 GeV. Additional constraints were introduced
to the scales and o such that + < pyp/pe < 5% and ax < 308, As a result, 17(18) x? tables
in total were produced with the fpo ( fl%%i), which can be found in Appendix G. As a summary,
the best parameters and uncertainty parameters are shown in Figure 6.9, where the least 2
results of 3-dimensional fits with ps, p, and ag (i.e., the local least x? results) were projected
onto 2-dimensional coordinates (j¢, i) with the fixed m.. Then, the best parameters, which
were determined by the least x? of 4-dimensional fits (i.e., the global least x?), are marked by
a star. The uncertainty parameters, which were determined by Ax? ~ 1o, are marked by an
additional outer circleY. For the purpose of this study, the uncertainties were determined only
for the non-universal fragmentation applied.

After the first study with the DY measurements at /s = 5 TeV, similar studies were done also
with DY measurements at /s = 13 TeV from ALICE [15] and LHCb [18], D** measurements
at /s = 7 TeV from CMS (the previous chapter) and LHCb [17], and D** measurements at
V5= 0.9 TeV from CMS (again the previous chapter!). The kinematic ranges covered by each
experiment are listed in Table 6.5 for the 13 TeV data and Table 6.6 for the 7 TeV data. To
extrapolate the 7 and 0.9 TeV data, fD*+ determined at /s = 5 TeV was used.

In analogy with the 5 TeV D° measurements, 2-dimensional y? tables were produced with
5 different fixed zy = 0, 0.25, 0.5, 0.75 and 1, and 4 different fixed m. = 1.3, 1.5, 1.7 and
1.9 GeV, but only with the non-universal fragmentation applied. Additional constraints for
the scales and ax were introduced as done in the 5 TeV study. With these constraints, 16
tables in total were provided with the 7 TeV data. In the case of 13 TeV, 5 more tables were
produced with m. = 2.1 GeV and one more table with zy = 0.6 to determine the boundary
of the uncertainty parameters. In total 22 tables were produced with the 13 TeV data in the
end. The corresponding x? results are summarized in Appendix G. A summary for the best
and uncertainty parameters are shown again in Figure 6.9.

tQutside this range, it was observed that the numerical results are instable.

$The maximum of ax was chosen rather arbitrarily, where the x? results start to be strongly uncorrelated
with ax variation, and so that it is not too large compared to what has been measured from experiments.

THere, z; = 0.5 and 1 were taken as the uncertainty boundary with m. = 1.7 GeV even though the x*s are
outside Ax?, since its total charm cross sections are within the final x? uncertainty in the end.

IHere, the 0.9 TeV CMS data used for the extrapolation are already outdated with respect to what is shown
in the previous chapter, but the difference is not significant
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Figure 6.9: The best scales with the DY measurements at /s = 13 TeV (the first column) and
5 TeV (the second column), and the D** measurements at /s = 7 TeV (the third column) and
0.9 TeV (the fourth column), respectively from the left to right. The local least x? results are
shown by the circle/square points, while the global least x? one for each /s is marked by the
additional star. The uncertainty scales are marked by the additional outer circles. The cross
marks indicate the conventional scale sets for theory.
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ALICE ly| < 0.5 pr > 0 GeV

20<y<25|0<pr<15GeV
25<y<3.0]|0<pr<15GeV
LHCb |3.0<y<35|0<pr<15GeV
35 <y<4.0|0<pr <11 GeV
40<y<4b5 | 0<pr<7GeV

Table 6.5: The kinematic ranges covered by ALICE [15] and LHCb [18] for D° measurements
at /s = 13 TeV.

00< |yl <05 | pr>1GeV
05 <yl <1.0| pr>1GeV
CMS |10< |yl <15 | pr>1GeV
1.5<y<20| pr>1GeV
20< |yl <25 pr > 2 GeV

20<y <25 | 3<pr <8 GeV
25 <y<30 | 1<pr<8GeV
LHCb | 3.0<y <35 | 0<pp<T7GeV
35 <y<40 |0<pr<7GeV
40<y<4b5 | 0<pr <5 GeV

Table 6.6: The kinematic ranges covered by CMS (provided in the previous chapter) and LHCb
[17] for D*t measurements at /s = 7 TeV.
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Vs = 0.9 TeV Vs =5 TeV Vs =17 TeV Vs = 13 TeV
fr/po | 1.68 (1.00 - 2.00) | 1.68 (1.00 - 2.00) | 1.68 (1.00 - 2.00) | 1.41 (1.19 - 1.52)
fr/po | 0.57 (0.38 - 0.90) | 0.48 (0.34 - 0.93) | 0.55 (0.37 - 1.00) | 0.37 (0.29 - 0.48)
me [GeV] | 1.7 (1.3 - 1.9) 1.7 (1.3 - 1.9) 1.7 (1.3 - 1.9) 1.9 (1.7 - 2.1)
ax 12 (8 - 25) 9 (6 - 28) 10 (6 - 30) 6(5-9)

Table 6.7: The best parameters used for the ddFONLL parametrization. The parentheses
indicate the ranges of the uncertainty parameters, which were used to calculate so-called 2
uncertainties of ddFONLL. The parameters at /s = 7 TeV were slightly updated with respect
to the ones shown in [32], while the total cross section remains the same.

Furthermore at /s = 0.9 TeV, 16 tables in total were determined with the constraints, but
unfortunately the global least x? cannot be determined within the given ranges of the parameters
(overall almost the same x? observed in the 2-dimensional x? tables). This could be due to the
large statistical uncertainties and/or since the pr < 1 GeV information is missing. It might

be also related with part of PDF effects; ps (and m, since py = |/m? +p?p) is the parameter

of PDFs and if the CTEQ6.6 PDF (or more generally any PDF set) has less sensitivity to
iy at lower center-of-mass energy, the convergence of x? with the same g ¢ variation with the
ones introduced at higher center-of-mass-energies might be relatively slow. But, all these are
hypotheses yet, and no further studies are provided in this thesis. Nevertheless, it turns out
that the 2-dimensional x? scan results are mutually consistent for the 5, 7 and 13 TeV results
(similar patterns are observed in Figure 6.9), and the 0.9 TeV results are given in this thesis by
taking the same py and m,. parameters as those determined from the 5 TeV results. Then, all
the least x? values of the 2-dimensional x? scan were taken to determine the y? scan uncertainty
for the total charm cross section at /s = 0.9 TeV.

All the best parameters including the uncertainty ranges are summarized in Table 6.7. The
uncertainties turned out to cover well the conventional scales and m. for QCD theory and the
reference as based on ete” data (refer again to Appendix J). Furthermore, it was observed
from this study that there are some correlations between the two theory scales especially with
lower m, (see Figure 6.9).

The ddFONLL parametrization is then defined by daE?NLL with f ( ul}, 1l ml, ab.), where ,ul]’p,
,u?, mlc’ and a% are the best parameters. The ddFONLL parametrization and the measurements
are compared as a function of pr and |y| in Appendix H with uncertainties of f, x2 scan (i.e.,
[ty fr, Me, and ag uncertainties), and the PDFs. The results with the total uncertainties are
shown in Figure 6.10 and 6.11 for the 5 TeV D°, Figure 6.12 and 6.13 for the 7 TeV D**, Figure
6.14 and 6.15 for the 13 TeV DY and Figure 6.16 and 6.17 for the 0.9 TeV D**. Note that
ddFONLL describes the data well overall in the full phase space, which is consistent with the
assumption of the fragmentation rapidity independence (Assumption 2).

As a cross check, the ddFONLL parametrization for the A} spectrum was compared with
the ALICE measurements at /s = 5 and 13 TeV. The A} ddFONLL parametrization was
derived with the best parameters of the extrapolation of the D measurements at /s = 5 or
13 TeV, but applying f AF (the blue points in Figure 6.5) instead of f po, which is shown by the
pink band in Figure 6.18 and 6.19. The original FONLL theory (the blue band) which is based
on the universality assumption totally disagrees with the measurements in the A comparisons,
while, the ddFONLL parametrization describes both the D® and A} measurements well, as it
should do by construction.

A further cross check for Assumption 1 and 2 can be given by comparing the ddFONLL
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Figure 6.10: D° + D’ cross sections at Vs = 5 TeV as a function of |y
ddFONLL show the total uncertainty (CTEQ6.6 PDF @ f @& x?).

. The red bands of
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Figure 6.11: D% + D cross sections at Vs =5 TeV as a function of pp. The red bands of
ddFONLL show the total uncertainty (CTEQ6.6 PDF @ f @& x?).
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Figure 6.12: D** cross sections at /s = 7 TeV as a function of |y|. The red bands of ddFONLL
show the total uncertainty (CTEQ6.6 PDF & f @ x?).
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Figure 6.13: D*¥ cross sections at /s = 7 TeV as a function of pr. The red bands of ddFONLL
show the total uncertainty (CTEQ6.6 PDF & f @ x?).
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Figure 6.14: DY + D’ cross sections at NG
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Figure 6.15: D% + D" cross sections at Vs = 13 TeV as a function of pp. The red bands of
ddFONLL show the total uncertainty (CTEQ6.6 PDF @ f @& x?).
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Figure 6.16: D** cross sections at /s = 0.9 TeV as a function of |y|. The red bands of ddFONLL
show the total uncertainty (CTEQ6.6 PDF & f @ x?).
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Figure 6.17: D** cross sections at /s = 0.9 TeV as a function of pr. The red bands of
ddFONLL show the total uncertainty (CTEQ6.6 PDF @ f @ x?).
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Figure 6.18: DY + D’ (left) and AF (right) cross sections at /s = 5 TeV as a function of pr.
The ddFONLL parametrization with f uncertainty (the pink band) describes both the D° and
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Figure 6.20: Z0 cross sections as a function of |y|, with figures taken from [133]. The figures

were adapted from [29].

parametrization also with the Z measurement, e.g., at /s = 5 TeV, from ALICE [87]. However,
since the fragmentation fraction is not measured yet for Z, Zf and Q0 from ete™ (or ep)
collisions, ng cannot be defined by taking direct measurements. Thus, a conservative ratio is
introduced as o L o 0

e 25+ Q,

AL

which covers all points of (2. + €.)/A} in Figure 6.3. Then, the ddFONLL parametrization of
the 5 TeV A shown in Figure 6.18 was rescaled to derive the ddFONLL parametrization for
=Y, assuming strangeness suppression and isospin symmetry: QV/Z0 = Z0/At and 20 = =F.
These assumptions result in consistency with the measurements from ALICE [15]. Eventually in
Figure 6.20, the =0 measurements were compared with ddFONLL. It shows that the ddFONLL

parametrization describes the ZY measurement as well.

=1.0+04 (6.25)

6.3 Total charm cross section

The total H. cross section was determined by taking all measurements where available and
ddFONLL was taken for the non-measured kinematic ranges:

ddFONLL

oH, = Aa}iita(measured phase space) + Aoy (unmeasured phase space). (6.26)

Then the total H. cross section was divided by the fragmentation fraction of H. measured from
pp collisions (denoted by fgi ) to derive the total charm cross section:

O = e (6.27)
f (&
At the moment of writing this thesis, fg]z was measured only at /s = 5 and 13 TeV from
ALICE, of which the latest numbers can be found all in [15].
Essentially, the fragmentation fraction should be measured from experiments and cannot be
determined from theory. Although, as a cross check of the application of ddFONLL, I introduced
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[GeV] | Ag o, 5o [mb]

ALICE | 0.0 <|y| <0.5 | 0 < pr <36 | 0.8870.%8
LHCb |2.0< |yl <25 |0<pp<10|0.7070:9

2.5< |y <3.0|0<pp<10 | 0.68°9%

3.0 <]yl <35 |0<pr<10 | 0.5979:93

35< |yl <40 | 0<pr<9|048°5%

40<|y <45 | 0<pr<6 0327992

Y ¥ | 2751017

ALICE+LHCb 3.6470 15
ddFONLL 2.954035 ()03 (PDF) 0 (x*)
oz [mb] | 8.437033 (data) 139 (F) 05 (PDF) 013 () T8 (/77)

8.437100 (total)

Table 6.8: The integrated D + D’ cross section (Ao and the total charm cross section

(0cc) at /s = 5 TeV with f75 = 0.391+5:930.

DM—W)

a fragmentation fraction defined by ddFONLL as

FONLL with f b b
f%dFONLL _ 9H. (NfaﬂwmcaOZK)
(&

O-EONLL(M]“’ :U‘rvmlc)) ’

(6.28)

FONLL js the total charm cross section obtained by integrating Eq.(6.21) with f =1 over

the full phase space, but with the best parameters determined for the ddFONLL parametriza-
tion. If Assumption 1 and 2 are reasonable enough, then fddFONLL should be consistent with

where o

the measured fzp This is not trivial since fddFONLL is derived under the assumptions by the
pr-dependent AJr to-DY ratios measured from pp collisions and the fragmentation fractions mea-
sured from e“‘e‘ collisions, while f¥* . is derived by measuring all the weakly-decaying ground
states except a few like =} at /s = 5 TeV and Q¥ (counted in the measurement uncertainties) at
v/s =5 and 13 TeV. Thus an additional backward cross checks will be provided with Eq.(6.28)
compared to the measured flpfz in the following.

6.3.1 Total charm cross section measurements at 5, 7, 13 and 0.9 TeV

Eventually, the o.zs were determined at /s = 5, 7, 13 and 0.9 TeV with Eq.(6.26) and (6.27),
of which results can be found in Table 6.8, 6.9, 6.10 and 6.11.  In each table, the integrated
cross sections of H. + H, for data and ddFONLL also are shown, of which the sum gives OH.,
dividing by 2 to average particle and anti-particle state. For the 5, 7 and 0.9 TeV results, the
fragmentation fractions were taken from the ALICE measurements at /s = 5 TeV, which are
0.391f8:82(1) and 0.155f8:8‘21§ for DY and D**, respectively [25]**. However, the fragmentation
fraction for D*T has very large uncertainties especially for the upper band (~ 28%). Thus, since
it is shown in Figure 6.7 that D**/D? is consistent between pp and eTe™ collisions, f“m /15 fumi

**Here the fragmentation fractions at /s = 5 TeV are still based on the earlier measurements [25] rather than
the latest ones in [15].
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[GeV] | Aop«+p-— [mb]
CMS 1 ly| < 0.5 pr > 10347007
0.5 < |yl < 1.0 pr>1 025758
1.0 < |yl < 1.5 pr>1 01899
1.5 < |y| <20 pr> 10401013
CMS 2 2.0 < |yl <25 |2<pr<3&pr>8| 0037008
CMS 3 2.0 < |y| < 2.5 3<pr<8|0.08700%
LHCb 1 2.0 < |y| < 2.5 3<pr<8|0.07750
LHCb 2 2.5 < |y| < 3.0 1<pp<8| 025004
3.0 < |y < 3.5 0<pr<T7|0.2558
3.5 < |y| < 4.0 0<pr<T|0.24%5%3
4.0 < |y < 4.5 0<pr<5| 021550
CMS 1 + CMS 2 1.197051
CMS 2 + CMS 3 0.11%5:08
CMS 1 + CMS 2 + CMS 3 1.2870%5
LHCD 2 0.94*013
LHCb 1 + LHCb 2 101703
CMS 1 + CMS 2 + LHCb 1 + LHCb 2 (Data 1) 2.207023
CMS 1 + CMS 2 + CMS 3 + LHCb 2 (Data 2) 2.2210-25
ddFONLL 0.94010(H 03 (PDF) 019 (x?)
0ce [mb] (Data 1) | 9.3470 74 (data) 1035 () 151 (PDF) 100 () 065 (/77)
9.347132 (total)
oz [mb] (Data 2) | 9.39%0 74 (data) 7035 (F) 7021 (PDF) 108 () 115 (f77)
9.3913 (total)

Table 6.9: The integrated D** cross section (Ao p.+, p«—) and the total charm cross section
(0cz) at /s = 7 TeV with fI%, = 0.1687(}5.
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[GeV] | Aoy, o [mb]
ALICE | 0.0 <|y| <0.5 | 0 < pr <50 | 1507014
LHCb [20<yl <25 |0<pr<15|1.20%072

2.5 < |yl <3.0 | 0<pr<15|1.2570%

3.0 <yl <35|0<pr<15]| 1.18799

3.5 < |yl <40 | 0<pr <11 | 104450

40 <yl <45| 0<pr<T7|0.78°9%

Y ¥ | 5.4470:39

ALICE+LHCb 6.940 77
ddFONLL 6.38%0:00 (/) 593(PDF) 913(x?)
oce [mb] | 17.43*:28 (data) ") 93 /) 145 (PDF) 0T () 508 (/)

17.4372-(total)

Table 6.10: The integrated D° +D° cross section (Ao
(0ce) at /s = 13 TeV with 7 = 0.3821007.

Do +ﬁ) and the total charm cross section

CMS 0.0 < |y| < 0.5 pr>1|0.041002
0.5 < |y| < 1.0 pr>10.06700
1.0 < |yl < 1.5 pr > 1 0.087001
1.5 < |yl < 2.0 PT > 1 (excuding 9 < pr < 10) | 0.09700%

2.0< |y’ < 2.5 2 < pTr < 10 (excluding 8 < pr < 9) 003J_r88%
0.08
5 5 | 0.3010:08

ddFONLL 0311004 () 1002 (PDF) 503 (x?)

0ce [mb] | 1.837531(data) 517 (/) T515(PDF) T o5 (x) 7037 (f77)

1.8310 32 (total)

Table 6.11: The integrated D** cross section (Ao ps+yp+«—) and the total charm cross section
(0cz) at /s = 0.9 TeV with f, =0.16877715.
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was taken to translate f7 = 0.39170:9% into [P, instead of taking the direct measurement.

Assuming the uncertainties are fully uncorrelated, it turned out to be f7., = 0.16870015
which was then used as the fragmentation fraction for the total charm cross section at /s =
7 and 0.9 TeV. The fragmentation fraction of D° at /s = 13 TeV was taken from the ALICE
measurements at /s = 13 TeV: f2 = 0.3821007% [15].

In total 5 different uncertainties were determined for the total charm cross section: data, f ,
PDFs, x? and f]’fﬁ uncertainty. The data uncertainties were calculated by treating statistical
uncertainties as fully uncorrelated and systematic uncertainties as fully correlated for each ex-
periment, while both were treated as fully uncorrelated to the other experiment. Eventually the
uncertainties were given as the sum of statistical and systematic uncertainties in quadrature.
The f , PDFs and x? uncertainties were propagated from ddFONLL. Then the total uncer-
tainty was calculated by treating all the individual uncertainites as fully uncorrelated. All the
uncertainties can be found also in Table 6.8, 6.9, 6.10 and 6.11.

Based on the results shown in Table 6.8, 6.9, 6.10 and 6.11, the extrapolation factors turn out
to be 1.4, 1.8, 1.9 and 2.0 at /s = 7, 5, 13 and 0.9 TeV, respectively. The CMS measurements
including the larger rapidity measurements from LHCb at /s = 7 TeV resulted in the smallest
extrapolation factor ever achieved at the LHC. The 0.9 TeV results were derived from the CMS
measurements alone for the time being in the absence of any other LHC measurement and thus
2.0 is already the smallest extrapolation factor at /s = 0.9 TeV. If the CMS measurements at
/s = 13 TeV shown in the previous chapter are included, the extrapolation factor 1.9 at /s =
13 TeV will be reduced much more, so that the smallest factor could be achieved again.

f}}‘iFONLLs which were calculated using Eq.(6.28), turned out to be 0.390 and 0.401 at /s =
5 and 13 TeV (H. = D"), respectively, and 0.168 both at /s = 7 and 0.9 TeV (H. = D**).
All these results are indeed consistent with the fragmentation fractions measured from ALICE
[15,25].

Additionally, as mentioned above, I derived the total charm cross section at /s = 5 TeV
based on the universality assumption for a direct comparison to the previous LHC measure-
ments and to distinguish the effects of applying the non-universal charm fragmentation in the
extrapolation. The determined parametrization with the universality assumption was shown as
a function of pr and |y| in Appendix H with the fj%ﬁi uncertainty. No dedicated uncertainties
for PDFs and the 2 fit were provided in this case. Then the total charm cross section at /s =
5 TeV was determined to be 5.84f8&;(data)irgjg(f“m) mb. If uncertainties of PDFs and the x?
fit would be more or like similar to ~ 7% and ~ 1.5% of the non-universality case, respectively,
then an estimated total uncertainty would be ~ 8%. This indeed gives consistent results with
5.251‘8:22 mb from [24], which was provided by extrapolating the ALICE and LHCb measure-
ments also based on the universality assumption. The estimated uncertainty from this study is
comparable to the reference one. This might indicate that the relatively large total uncertainty
in the non-universal fragmentation results comes from the relatively large uncertainty of the
fragmentation fraction from pp collisions compared to eTe™ collisions. On the other hand, it
shows also that the total charm cross section indeed increases significantly as expected with the
decreased fragmentation fraction in pp collisions.

6.3.2 Comparison with QCD prediction and constraints on m, and PDF

The total charm cross sections measured by extrapolating the DY cross sections at /s = 5 and
13 TeV and the D*T cross sections at /s = 7 TeV with the non-universal charm fragmentation
treatment are compared to NNLO QCD predictions with various PDF sets in Figure 6.21. The
predictions provided in [24] are based on the complete NNLO theory introduced in Section
2.4. All the measurements show good agreement with the upper bands of the theoretical un-
certainties. Compared to the earlier measurements under the universality assumption of the
fragmentation, which are shown by the blue bands in Figure 6.21, the total charm cross sec-

129



Chapter 6. Charm Fragmentation Study and Total Charm Cross Section

NNPDF31 Vs=5TeV pp — cC NNLO
| B S| m¢(m _)=1.275 GeV
HERAPDF i u=2m,(m,)
JR14 H=—=1—"1 —e— PDFunc.
CT18 ——— punc.
ABMP16 ':F:'— LHCb-+ALICE extrapolation
Vs=7TeV
NNPDF31 PR P .
MMHT2014 ——a e
HERAPDF r ali .
JR14 —
cT18 : - :
ABMP16 — .
/s =13 TeV
NNPDF31 - 3 . .
MMHT2014 | . .
HERAPDF i a __B
JR14 } i - :
cT18 , — : :
ABMP16 : ol !
-5 0 5 10 15 20 25

o(cc) [mb]

Figure 6.21: The total charm cross sections at /s = 5 (top), 7 (middle) and 13 TeV (bottom),
with figures adapted from [24]. The vertical red bands are the total charm cross sections
provided in this thesis.

tions at all the three center-of-mass-energies are increased significantly with the non-universal
fragmentation treatment. No prediction is available in [24] for the total charm cross section at
Vs =10.9 TeV.

In the meantime, the total charm cross section measurements at /s = 5, 13 and 0.9 TeV
were taken to constrain the QCD parameters, specifically, the MS charm mass m.(m.) and the
PDFs at low x. The first preliminary results were kindly provided by Oleksandr Zenaiev who
is one of the authors of [24]. The total charm cross sections as a function of the center-of-mass
energy are shown in Figure 6.22. The data points at /s = 5 and 13 TeV were taken from
Table 6.8 and 6.10. On the other hand, 1.67 4+ 0.23 mb, which was determined purely based
on ddFONLL and the 5 TeV extrapolation, was assigned as the 0.9 TeV point temporarily
as a proxy of the measurement’™. These three data points resulted in the charm mass to be
constrained by m.(m.) = 1.065(1.005) GeV with uncertainties up to +0.284(0.258) GeV and
down to -0.383(0.086) GeV depending on the data, PDFs and theory scale uncertainties, using
ABMP16_3_nnlo [134](MSHT20nnlo_nf3 [135]) PDF. Individual uncertainties can be found in
Table 6.12. Examples of constraints on two PDF sets are shown in Figure 6.23. The most
significant effects of including the total charm cross section measurements especially at low x
were observed with the MSHT20nnlo_nf3 PDF.

6.3.3 Total charm cross section measurement as a function of /s

The total charm-pair cross section was measured as a function of /s, which is shown in Figure
6.24. The data points in the figure are from Section 6.3.1. This is the first measurement of the
total charm-pair cross section as a function of /s with the non-universal charm fragmentation,
covering from /s = 0.9 TeV to 13 TeV. For a comparison to QCD predictions, the NNLO
prediction with the ABMP16_3 nnlo PDF (shown in the upper panel of Figure 6.22) is also
added in the figure. The measurements show good agreement with the QCD prediction up to
the highest order known today.

"The CMS result at /s = 0.9 TeV is still internal at the moment of writing this thesis
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Figure 6.22: The total charm cross section as a function of the center-of-mass energy (v/s).
The data points at /s = 5 and 13 TeV from Table 6.8 and 6.10, while the 0.9 TeV point was
determined purely based on ddFONLL and the 5 TeV extrapolation. The QCD predictions (the
blue bands) were calculated with the perturbative theory up to NNLO and with ABMP16_3_nnlo

(upper) and MSHT20nnlo_nf3 (lower) PDF sets.
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ABMP16_3_nnlo | MSHT20nnlo_nf3

me(me) 1.065 1.005
data uncertainties +0.043 +0.023
PDF uncertainties +0.017 +0.086
(per/ 1o, por/ o) = (0.5,0.5) +0.178 +0.250
(peg/ 1o, i/ o) = (1,0.5) +0.284 +0.237
(1f/ 105 por/ 110) = (0.5,1) +0.046 +0.635
(1510, o/ 10) = (2,1) +0.123 0.022
(10, 1/ 10) = (1,2) 0.383 +0.258
(y /0. 12/ 10) = (2.2) 0.021 +0.005

Table 6.12: Constraints on the charm mass. m.(m.) indicates the charm mass determined with
the central value of data and PDFs, and with the theory scales (yf/pi0, ptr/p0) = (1,1) where
o = 2me(m.). The others show the maximum and/or minimum variations of m.(m.) within
the data and PDF uncertainties or with the theory scales variations. Units are [GeV].
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Figure 6.23: Effects of including the total charm cross section measurements (labeled by “+
charm data”) to the gluon PDF of ABMP16_3_nnlo (left) and MSHT20nnlo_nf3 (right).
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Total charm cross section
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Figure 6.24: Total charm-pair cross section measurement as a function of /s.
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Conclusion

This thesis presented the reconstructions of D** — D%rf — K-7trf and D° — K-t
in the CMS detector at /s = 7, 0.9 and 13 TeV, taking the largest phase space possible.
The D** reconstruction at /s = 7 TeV was performed on the MinimumBias and Next-to-
MinimumBias collisions of the 2010 data with special low pr tracking. By taking over the
previous study from N. Z. Jomhari [119], further detailed studies to complete the systematics
were provided in this thesis. To determine the non-prompt contamination, the theory-inspired
mothod was introduced to normalize Pythia to data and extract the beauty fractions from the
normalized Pythia predictions. The likelihood function of the MC-constrained fit was introduced
to determine the systematics of the subtraction method, especially for the poor statistics bins
where the unconstrained fit gives no reasonable results. The overall pileup systematics was
determined by taking differences of the reconstruction efficiencies on the pileup and no-pileup
sample, and its era dependence also was evaluated by calculating the cross sections in the 7
different subsamples of the data. As a result, the complete systematic uncertainty was presented
in this thesis.

Following a similar analysis strategy, the D** reconstruction at /s = 0.9 TeV was performed
on the (Zero-)Minimum-Bias collisions on the 2021/22 (Run 3) data and 2010 (Run 1) data.
The very preliminary reconstruction on the early Run 3 data, which was presented as the CMS
detector performance in [83], was kindly taken over by L. Della Penna to provide the cross
section measurements. In this thesis, the cross section measurements on the Run 3 data were
briefly introduced and the updated results by adding the Run 1 data can also be found in
Appendix A.

The D*' reconstruction at /s = 13 TeV was performed on the 2018 B parking data.
The Next-to-MinimumBias collisions were separated from the Trigger-Vertex collisions on the
data and used for this analysis, resulting in about 1000 times larger statistics than the 7 and
0.9 TeV analysis. As introduced in the 7 TeV analysis, the subtraction method was used to
extract the D*T signal. The very first attempt to measure the DY cross sections at /s = 13
TeV also was presented. To extract the D signal, the MC template fit was introduced for the
backgrounds. The non-prompt contamination was temporarily determined based on the theory-
inspired method. The 7} tracking efficiency measurements also were introduced at /s = 13
TeV, of which the very first results can be found in Appendix C.

The prompt D*T cross sections were measured in pr > 1 GeV and |y| < 2.5 excluding
1 <pr <2 GeV and 2 < |y| < 2.5, with the complete(partial) systematic uncertainty at /s =
7 TeV(13 TeV and 0.9 TeV). The 7 and 13 TeV cross sections show good agreement with the
ALICE and LHCb measurements in |y| < 0.5 and 2 < |y| < 2.5, respectively. The 0.9 TeV cross
sections were presented as the first charm production measurements ever made at /s = 0.9
TeV. These measurements agree with the upper edge of the uncertainty band of the FONLL
prediction which, however, is based on the universality assumption.

The total charm-pair cross sections were measured by extrapolating these fiducial cross
sections into the full phase space. For the extrapolation, a phenomenological method was in-
troduced to constrain the ps, p., m. and ax parameters in the FONLL theory by the data,
such that the so-called ddFONLL parametrization was derived by reducing the original FONLL
theory uncertainty. To treat the non-universal charm fragmentation properly, the pr dependent



production fractions were derived by directly taking the most precisely measured baryon-to-
meson ratios represented by the AT /D? as a function of pr. The pr dependent production
fraction was then applied to modify the FONLL prediction without need to assume any partic-
ular non-universal fragmentation model. This method was used to present the total charm-pair
cross section measurement for the first time with the non-universal charm fragmentation in [28].

Additionally, in this thesis, it was shown that the ddFONLL parametrization describes not
only the D** and D but also the A} and =0 data well, while the FONLL prediction or any
other particular model cannot. For the time being, the ddFONLL parametrization is the only
one which can be applied for all the weakly-decaying ground states in pp collisions.

Eventually using this ddFONLL parametrization, the D** cross section measurements at
Vs = 7 and 0.9 TeV from CMS in |y| < 2.5 were taken to measure the total charm-pair
cross section at /s = 7 and 0.9 TeV, respectively. In the case of 7 TeV, the larger rapidity
measurements from LHCD in 2.5 < |y| < 4.5 also were taken, and the resulting extrapolation
factor, 1.4, is the smallest factor ever achieved for charm at the LHC. The total charm-pair cross
section was measured to be 9.403:23 mb at /s = 7 TeV. The CMS measurements at /s = 0.9
TeV resulted in the extrapolation factor 2.0 which is the first one introduced at the LHC for
Vs = 0.9 TeV. The total charm-pair cross section turned out to be 1.83f8:g? mb at /s = 0.9
TeV. This will be updated with better precision by including the Run 1 data.

This thesis presented also the total charm-pair cross section measurement as a function of
the LHC center-of-mass energy. For this, the additional 5 and 13 TeV data were provided
with extrapolating the D° cross section measurements from ALICE and LHCb, resulting in
8.4371% mb at /s = 5 TeV and 17.43721% mb at /s = 13 TeV. Comparing to the NNLO
QCD prediction, the total charm-pair cross section measurement shows good agreement with
the upper edge of the theoretical uncertainty band. This measurement can be used to constrain
the QCD parameters. Already the very first example was kindly provided by O. Zenaiev, where
the 5, 13 and 0.9 TeV data were taken to constrain the charm mass and the low-z region of
ABMP16_3_nnlo and MSHT20nnlo_nf3 PDFs, of which results were briefly shown in this thesis.

All the total cross sections presented in this thesis supersede the earlier LHC measurements
which were derived under the universality assumption.
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Prompt D*T Cross Sections at 0.9 TeV
on Run 1 and 3 Data

Prompt D*T cross sections at /s = 0.9 TeV shown in Figure 5.34 were updated with combining
the 2010 data, and are shown in Figure A.1. The total charm cross section at /s = 0.9 TeV
presented in Chapter 6 is still based on Run 3 data only.
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Figure A.1: Prompt D** cross sections at /s = 0.9 TeV as a function of py. The systematic
uncertainties are incomplete. Figure are from [121].
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Prompt DY Cross Sections at 13 TeV

Very preliminary prompt D cross sections at /s = 13 TeV are shown in Figure B.1. Besides
the effective luminosity which is not determined yet, many of studies are left to finalize this
measurement.
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7'(';_ Efficiency Measurements at 13 TeV

As explained in Section 5.1, the kinematics of 7 is strongly correlated to that of DY. Therefore,
if cuts applied to K~ and 7t candidates are the same independent of whether D? is from D**
or not, a ratio of D** to DY can give a measurement of 7} efficiency, where all the other
efficiencies are canceled by taking the ratio. A study was done to measure 77 efficiency on the
2018 B parking data.

For the purpose of measuring 7 efficiency, a new definition was introduced in binning.
A finner binning was introduced in |y| by a width 0.25 instead of 0.5 for the cross section

measurements in the previous sections. Here it is assumed that 7} and D° have the same
+
ly| distribution. By taking a traditional way of measuring tracking efficiency, pJ* was binned

in a log scale with a width 0.2, where p}j was translated by plTjO with a relative mass 0.1454
GeV/1.8648 GeV (0.1454 GeV is defined by a difference between Mp.+ and Mpo).

D*t — D%f — K nfnf and D° — K7t (including charge conjugate) were recon-
structed by sharing the same preselection given for the cross section measurements, i.e., the
cuts in Table 5.7. On the other hand, the final selection cuts were defined as listed in Ta-
ble C.1 and were applied independent of whether D° is from D*' or not. In the case of
Table C.1: D** — D%f — K-atr}l and D — K~7" selection applied for 7 tracking
efficiency measurement after preselection given by Table 5.7. The Mpo cuts were defined for
the D** — D%rf — K-ntxn} reconstruction, and applied in a Mpo fit in the case of the
DY — K~ xt reconstruction. The last row here is only for the DY — K ~nt selection, which

was applied also for the D** — D%f — K—nx} in the preselection.

P2’ < 1.8648/0.1454 x 10796 GeV | > 1.8648/0.1454 x 10796 GeV
M po € [1.84,1.89] GeV € [1.85,1.88] GeV

dlsig > 3.5 S 4

D%J7* | > 0.1 0.03

cos ¢ > 0.99

P2’ > 1.4 GeV

the D° — K7 reconstruction, the cuts on Mo in the table, which are introduced for the
D*t — D%rf — K~ 7 r] reconstruction, were applied in a Mo fit.

The statistics of the NMB collisions on the 13 TeV B parking data covers well pQQ 0 up to 100
GeV which is in turn p}j ~ 10 GeV, as shown in Figure C.1. To extract the number of signal
events, fit methods were used for both the D** and DP reconstruction. Ratios of the number
of the D** and DO signal events are summarized in Figure C.2.

To derive the actual 7 efficiency, the ratio should be scaled by a relative fraction:

fp++ X BRp«t_,por+

Jpo

(C.1)
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Chapter C. 7} Efficiency Measurements at 13 TeV
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Figure C.2: Ratios of the number of the D* and D° events.

where f is fragmentation fraction and BR is branching fraction. Depending on a relative
contribution of prompt and non-prompt, the fraction can differ and be dependent on pp. With
fragmentation fraction 0.236(0.221) and 0.542(0.587)* of prompt(non-prompt) D** and D°
[136], respectively, Eq.(C.1) results in minimum 0.255 (with beauty fraction 1) and maximum
0.295 (with charm fraction 1). The relative contribution of prompt and non-prompt for the 7.
efficiency measurement was not fully determined yet. However, it was shown in Section 5.6 that
charm fractions are roughly 0.9-0.95 (refer to Figure 5.19) depending on bins up to pr ~ 10 GeV

of the D meson (p}j ~ 1 GeV). This then results in roughly 0.290-0.293 of Eq.(C.1). Assuming
that the difference on the final cuts in Table 5.8 and 5.9 for the cross section measurements and
in Table C.1 for the efficiency measurement gives almost no effect on the charm fractions, 0.290
was set as central value with +0.003 uncertainty and a very conservative uncertainty of -0.035
(with the minimum of Eq.(C.1)). Then 7 efficiency can be derived with

ND fpo

X C.2
NDO fD*+ X BRD*+—>DO7r+ ( )

A result is shown in Figure C.3, where preliminary 7 efficiency is shown as a function of pr
and |y|.

As references, the same results were derived also on the D? and MinimumBias MC sample,
which are also shown in Figure C.3 (D** and DY signal and ratios between the two on the
MC samples can be found in Appendix F). The same fraction 0.290 is applied for the MC
samples. Comparing the two MC samples, it looks like that pileup effect on the efficiency is not
significant. Meanwhile, it was observed that there are up to ~ 10% discrepancies between the
MC and data at high pr and large |y|.

*Here the numbers are based on LEP measurements with charm fragmentation universality. With the non-
universal charm fragmentation, the individual numbers can differ but the relative ratio between D* and D° is
observed to be universal to date. Further discussions can be found in the next chapter.
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Figure C.3: Preliminary 7 efficiency on the 13 TeV samples with statistical uncertainties only.

The factor 0.290 was tentatively assigned with uncertainties of fg:ggg.

Since this is a very preliminary result and systematic uncertainties are not fully determined,
no correction or systematic uncertainty was added on the cross section measurements to account
for this result.
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D**t and DY Fit Results

D.1 7 TeV D*' signal fit

In this appendix, fit results of D*T signal on the 7 TeV data are shown, which the MC con-
strained fit was used for.
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Figure D.7: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.8: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.9: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.10: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.12: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.14: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.16: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.17: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.18: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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Figure D.19: Mp«+ — Mpo distributions and fit on data (left) and MC (right).
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13 TeV fit results
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Figure D.21: D** signal on the 13 TeV data. The blue curves indicate fits to the right charge
distribution.

D.2 13 TeV fit results

D.2.1 D** signal fit on data

In this appendix, D** signal on the 13 TeV data is summarized and shown for each bin of the
cross section measurement. Fit results for D** are also shown as a reference to the background
subtraction number, but were not used for determination of the cross section.
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Figure D.22: Mp«+ — Mpo distributions and fit.
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Figure D.24: Mp«+ — Mpo distributions and fit.
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Figure D.26: Mp++ — Mpo distributions and fit.
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Figure D.27: Mp«+ — Mpo distributions and fit.
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Figure D.28: Mp«+ — Mpo distributions and fit.
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Figure D.29: Mp«+ — Mpo distributions and fit.
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Figure D.31: Mp++ — Mpo distributions and fit.
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Figure D.32: D** signal on the 13 TeV D° MC sample. The blue curves indicate fits to the
right charge distribution.

D.2.2 D** signal fit on MC

In this appendix, D** signal on the 13 TeV D° MC sample is summarized and shown for each
bin of the cross section measurement. Fit results for D*T are also shown as a reference to the
background subtraction number, but were not used for determination of the cross section. In
this case, x2/ndof results are sometimes very large as a result of reweighting events.
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Figure D.33: Mp++ — Mpo distributions and fit.
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Figure D.34: Mp«+ — Mpo distributions and fit.
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Figure D.35: Mp«+ — Mpo distributions and fit.
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Figure D.36: Mp«+ — Mpo distributions and fit.
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Figure D.37: Mp++ — Mpo distributions and fit.
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Figure D.38: Mp«+ — Mpo distributions and fit.
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Figure D.39: Mp«+ — Mpo distributions and fit.
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Figure D.40: Mp«+ — Mpo distributions and fit.
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Figure D.41: Mp«+ — Mpo distributions and fit.
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Figure D.42: Mp«+ — Mpo distributions and fit.
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Figure D.43: D signal on the 13 TeV data. The blue curves indicate fits to Mpo mass distri-
bution.

D.2.3 DY signal fit on data

In this appendix, D signal on the 13 TeV data is summarized and shown for each bin of the cross
section measurement including fit results which were used for the cross section measurement.
In each figure, MC templates used for the data fit are also shown.
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Figure D.44: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.46: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.47: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.48: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.49: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.50: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.51: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.52: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.53: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.54: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.55: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.56: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.57: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.58: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.59: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.60: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.61: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.62: Mpo distributions and fit on data (left), and MC template (right).
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Figure D.63: Mpo distributions and fit on data (left), and MC template (right).
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In this appendix, DY signal on the 13 TeV D? MC sample is summarized and shown for each
bin of the cross section measurement including fit results which were used for the cross section
measurement. In this case, x?/ndof results are sometimes very large as a result of reweighting

events.
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Figure D.65: Mpo distributions and fit.
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Figure D.66: Mpo distributions and fit.
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Figure D.67: Mpo distributions and fit.
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Figure D.68: Mpo distributions and fit.
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Figure D.69: Mpo distributions and fit.
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Figure D.72: Mpo distributions and fit.
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Figure D.74: Mpo distributions and fit.



13 TeV Data and MC Comparison

E.1 Data and MC comparison with PU reweight

In this appendix, the 13 TeV B parking data are compared to the D° MC sample. PU distri-
bution (PV_npvs) of the DY MC was reweighted to that of the data (refer to Figure 5.4). After
reweighting, the MC PU distribution of D** candidate events is shifted a bit compared to the
data (refer to Figure E.14 and E.15). It looks like, although, that overall comparison shows
reasonable agreement between the MC and data, while up to ~ 10% discrepancies might have
effects on the cross section measurement.
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Figure E.1: K from D* in pr > 3.5 GeV before (left) and after (right) reweighting.



10°  Private Work (CMS data/simulation)
—— Data
[]D°MC

X

3500
3000
2500
2000
1500
1000

500

0
1.4
1.2
1
0.8
0.6
-1.5 -1 -05 0 0.5 1 1.5
charge
x10° Private Work (CMS data/simulation)
—— Data
[]D°MC

6000
5000
4000
3000
2000

1000

1.4
1.2
1 .
08 %
06

-1-0.8-0.6040.2 0 02040608 1
d,, [cm]

x10°  Private Work (CMS data/simulation)
—— Data
[]D°MC

2500

2000

1500

1000

500

0
1.4

1.2
1 #ﬁw  d
0.8 |

0.6
-1-0.8-0.6-0.4-0.2 0 0.204060.8 1
d, [cm]

10° Private Work (CMS data/simulation)
—— Data
[1D°MC

X

3500
3000
2500
2000
1500
1000

500

0
1.4
1.2
1
0.8
0.6
-15 -1 -05 0 0.5 1 1.5

charge

10°  Private Work (CMS data/simulation)

—— Data
[1D°MC

X

6000

5000

4000

3000

2000

1000

14
1.2
1
0.8 \
0.6

-1-0.8-0.6-0.4-0.2 0 0.204060.8 1
d,, [cm]

10° Private Work (CMS data/simulation)
—— Data
[1D°MC

X

2500

2000

1500

1000

500

0 " L ‘

1.4

1.2 lT
1

0.8 ‘*

0.6
-1-0.8-0.6-0.4-0.2 0 0.2040608 1

d, [cm]

‘ Vm ..vﬁﬁ %

Figure E.2: K from D* in pr > 3.5 GeV before (left) and after (right) reweighting.

221



Chapter E. 13 TeV Data and MC Comparison

x10°  Private Work (CMS data/simulation) x10° Private Work (CMS data/simulation)
100~ —— Data 100~ —— Data
r p°mMC B 0’ MC
80~ 80
60— 60
40— 40~
20 201
1.4 1.4
1.2 1.2
1 PRV N AT OIS RIS NN + 1 R EOCR NP WSO A DTN LSS Y Y R L
f i "+ ¥ T T &““M’ W,‘ #r ‘vw A sy T T an m #ﬁ
0.8 0.8
0.6 0.6
0 05 115 2 25 3 35 4 45 5 0 05115 2 25 3 354 45 5
P, [GeV] P, [GeV]
10°  Private Work (CMS data/simulation) 10°  Private Work (CMS data/simulation)
180? —— Data 180? —— Data
160 [D°MC 160~ [D°MC
140 1401
120? 120§
100? lOO?
80? 80
60 60— 2 ;
40F 40F -
20? 20? -
[ ———— 0=
1.4 T 1.4 i
|1, | 1 i
1.2 It i 1.2 M
1 Tmﬁ P SRS croveosrin Mﬁ J‘ﬁ | 1 | +l+ ot L TSR RPN st PrH Tl
I "4"¢*«" - N 'u,w“* T A m*’t*m N N o "owﬁ* ' T
0.8 0.8
0.6 0.6
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
n n
3(103 Private Work (CMS data/simulation) 5103 Private Work (CMS data/simulation)
100~ —— Data 100~ —— Data
. []D°MC - [1D°MC
80? R 80?
60— 60
401 40+
201 200
1.4 1.4
1.2 . 1.2
MR BRIV Al XN S I 4 b ittty
1 4 T ,«m“ ’,w’“’“ ‘ 1 4 ”v v ‘vr’ﬂ}vv pEmCiA ”N’w 7, v*uv’ Q” st Ty
0.8 B 0.8
0.6 0.6
-3 2 -1 O 1 2 3 -3 -2 -1 0 1 2 3
¢ @
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Figure E.4: 7 from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.5: 75 from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.6: 75 from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.7: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.8: DY from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.9: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.10: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.

180
160
140
120
100
80
60
40
20

14
1.2

0.8
0.6

5000

4000

3000

2000

1000

14
12

0.8
0.6

x10°

Private Work (CMS data/simulation)

—— Data
[1D°MC

W L

It

H MM L
+ Ry
+ ML 5

K
ity ¥ #’M’MW

|
S

X
[
ow

-2 0 2 4 6 8 10
decay length significance

Private Work (CMS data/simulation)

—— Data
[1D°MC

229



Chapter E. 13 TeV Data and MC Comparison

10°  Private Work (CMS data/simulation) 10°  Private Work (CMS data/simulation)

X ha
800 —— Data 800 —— Data
C 0 C 0
7005 []D°MC 700 [ID°MC
600~ 600
500F 500
400~ 400
300 300
200 200
100 100
O: - - o ) 0:
1.4 : 1.4 M
1.2 (3 [ 1.2 i
1 et m Qﬁ i 1 1 cumts “@U‘Q‘ H‘Hl h L
OAL H | : w\ T M
0.8 HHH‘ L ‘ l . 0.8 3 ‘ w‘
0.6 LI 0.6 '
-04-02 0 02 04 06 08 1 -04-02 0 02 04 06 08 1
decay length [cm] decay length [cm]
5103 Private Work (CMS data/simulation) x10°  Private Work (CMS data/simulation)
600~ —— Data 6001 —— Data
S0t []D°MC B [1D°MC
E 500~
400F 400"
3001 300
200- 200"
100~ 100"
O S o-
1.4 T 1.4 I
1.2 o W H MT\ 1 ‘tw | 1.2 B i “T# ‘ﬁﬂm \l\\‘\‘ ‘\ H
e WA Y, ity A TP
0.8 T 0.8
0.6 0.6+
0 0.02 0.04 0.06 0.08 0.1 0 0.02 004 0.06 0.08 0.1
decay length error [cm] decay length error [cm]

Figure E.11: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.13: D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.14: D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.15: pr < 3.5 GeV before (left) and after (right) reweighting.
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Figure E.16: pr < 3.5 GeV before (left) and after (right) reweighting.
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Figure E.17: pr < 3.5 GeV before (left) and after (right) reweighting.
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E.2 MC comparison with PU reweight
In this appendix, the 13 TeV MinimumBias MC is compared to the D° MC sample. PU

distribution (PV _npvs) of the D MC was reweighted to that of the MinimumBias MC (refer to
Figure 5.4). No significant discrepancy is observed between the MC samples after reweighting.

237



Chapter E. 13 TeV Data and MC Comparison

Private Work (CMS simulation) Private Work (CMS simulation)
g ——MB MC 350 ——MB MC
3001 D°MC e p°MC
250 * 250-
2001 2001
150~ 150
100~ 100-
50 50
O:u 0:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
1.4 # | 1.4 l
1.2 -4 i} 1.2 g
1 HN‘H ‘#\#‘Lﬂﬁ‘ W\%ﬂw \W Lm ‘ﬁ il 1 M\ | M \“‘m‘ﬂ‘\ ‘HN L[]
0.8 ]H Tﬁ 1 ﬂ i WI WW\HW H“w 08 4‘ ﬁm HT‘IW 4‘ | T‘ | J ‘\‘H \ }
0.6 * u‘ 0.6
0 05 115 2 25 3 35 4 45 5 0 05115 2 25 3 354 45 5
p_[GeV] p_[GeV]
T T
Private Work (CMS simulation) Private Work (CMS simulation)
500; —— MB MC 500; —— MB MC
. 1D° MC r p°mc
400F- 400
300F f ] 300 f |
g + + g +
200E . #ﬁ N 200? i "
100 { b 100 i +
£t ' o '
O \\\\\\\\\\\\\\ | I \+ L \+ 0 \+ e e b e b e ey | \+\ I
1.4 ‘ 14
| \M | J . \l L | |
1.2 1.2
2l gl 2 Ll
A TR A
0.6 0.6 || |11
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
n n
Private Work (CMS simulation) Private Work (CMS simulation)
E — MB MC E — MB MC
300 1p°mMc 300 1p°mc
2501 + 250"
200} 200
150- 150
100 100
50 500
ok X Ob
1.4 # 1.4
1.2t ! o 1.2
- Tf‘ i H}ﬂ Hﬁ ﬂ% i # uﬁ e #M Hﬂ‘ T% ‘ *‘TH 1
O %
0.6 0.6

Figure E.18: K from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.19: K from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.20: 7 from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.21: 7 from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.22: 75 from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.23: 75 from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.24: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.25: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.26: D from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.27: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.28: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.29: D° from D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.30: D* in pr > 3.5 GeV before (left) and after (right) reweighting.



MC comparison with PU reweight

Private Work (CMS simulation) _ Private Work (CMS simulation)
3000 ~~MBMC 1800F —_MBMC
g 10’ mC 1600 []D°MC
2500; 1400
2000~ 1200F
E 1000f
1500 800
1000F 600
5005 400
F s 200
O’H‘HHHH P T OHHHHHHHH‘ deseie tond ot
L= 1.4 |
1.2 1.2 H
f Hﬁ h etk Hn |
1 + 1 LA THTI'T f T H f
0.8 0.8 % * + + | I“
0.6+ 0.6 + *
0 0102030405060.70809 1 0 010203040506070809 1
pfrac pfrar:
T T
20000= Private Work (CMS simulation) 22000 Private Work (CMS simulation)
180005 — MB MC 20000 — MB MC
. 0 C 0
160001 ED MC 18000 [Ep mc
14000 16000
E 14000
e
E 10000
8000; 8000
6000 6000+
4000 4000+
2000 2000+
0’\; e P TEET A Ow-_u\
1.4 1.4
1.2 1.2
1 1
0.8 0.8
0.6 0.6
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
multiplicity of D* vertex multiplicity of D* vertex
Private Work (CMS simulation) Private Work (CMS simulation)
7001 ——MB MC 7005 ——MB MC
= D° MC E D’ MC
600¢ = 600~ -
500 500" I ++++
400 400 !
3007 300
o Ft
200 200? +
100 100" ﬁ%
o) R AP AP AR R B 07”‘\”“””‘\”‘\*“ Y P
1.4 | 1.4 f
12 “H‘# 12
I IR T
P fiy e
08 ‘HW 08 \H*
0.6 0.6 1
0 20 40 60 80 100120140160180200 0 20 40 60 80 100120140160180200
number of track fitted to D* number of track fitted to D*

Figure E.31: D* in pr > 3.5 GeV before (left) and after (right) reweighting.
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Figure E.32: pr < 3.5 GeV before (left) and after (right) reweighting.
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Figure E.33: pr < 3.5 GeV before (left) and after (right) reweighting.
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Figure E.34: pr < 3.5 GeV before (left) and after (right) reweighting.



13 TeV MC Result for w7 Tracking
Efficiency

In this appendix, D** and DY signal are shown on the 13 TeV D° and MinimumBias MC
sample. Ratios of the number of the signals are also shown for each sample. The results shown
here were used to the 7 efficiency measurement in Appendix C.
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Figure F.1: D** (top) and D (bottom) reconstruction on the 13 TeV D° MC sample for 7}
efficiency measurement.
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Figure F.3: Ratios of the number of the D** and D° events on the 13 TeV D° (top) and
MinimumBias (bottom) MC sample.
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v2 Tables for Data-Driven FONLL

In this Appendix, the y2s calculated by Eq.(6.22) for ddFONLL are collected. Figure G.1-G.36
show the 2-dimensional y? tables for the y, and ax variations. The least x2s of each table are
summarized in Figure G.37-G.43.
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Figure G.1: x? tables at /s = 5 TeV with the universality assumption. m,. = 1.3 GeV and
xy =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.2: x? tables at /s = 5 TeV with the universality assumption. m. = 1.5 GeV and
xy =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.3: x? tables at /s = 5 TeV with the universality assumption. m. = 1.5 GeV and
x5 =0.75 (top), 1 (bottom).
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Figure G.4: x? tables at /s = 5 TeV with the universality assumption. m. = 1.7 GeV and
xy =0 (top), 0.25 (middle) and 0.5 (bottom).
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—025 | 676.46 469.29 33538 251.57 201.86 176.24 167.46 17043 181.81 198.93 219.93 243.74 269.27 295.85 323.04
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Figure G.5: x? tables at /s = 5 TeV with the universality assumption. m. = 1.7 GeV and
x5 =0.75 (top), 1 (bottom).
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2665.64 1253.16 578.74 301.28 247.06 319.40 461.43 641.84 842.71 1052.35 1263.66 1471.94 1674.75 1871.62 — 2
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Figure G.6: x? tables at /s = 5 TeV with the universality assumption. m. = 1.9 GeV and
xy =0 (top), 0.25 (middle) and 0.5 (bottom).

265



Chapter G. x? Tables for Data-Driven FONLL

1506.52 1089.83 826.58 662.16 563.18 508.25 483.01 478.21 487.40 506.11 531.26 560.56
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Figure G.7: x? tables at /s = 5 TeV with the universality assumption. m. = 1.9 GeV and
x5 =0.75 (top), 1 (bottom).
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Figure G.8: x? tables at /s = 5 TeV with the non-universal charm fragmentation. m, = 1.3
GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.9: x? tables at /s = 5 TeV with the non-universal charm fragmentation. m. = 1.5
GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.10: x? tables at /s = 5 TeV with the non-universal charm fragmentation. m, = 1.5
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Figure G.11: x? tables at /s = 5 TeV with the non-universal charm fragmentation. m, = 1.7
GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.12: x? tables at /s = 5 TeV with the non-universal charm fragmentation. m, = 1.7
GeV and z¢ =0.75 (top) and 1 (bottom).
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Figure G.13: x? tables at /s = 5 TeV with the non-universal charm fragmentation. m, = 1.9
GeV and z¢ =0 (top) and 0.25 (bottom).
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Figure G.14: x? tables at /s = 5 TeV with the non-universal charm fragmentation. m, = 1.9
GeV and z¢ =0.5 (top) and 0.75 (bottom).
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Figure G.15: x? tables at /s = 7 TeV with the non-universal charm fragmentation. m, = 1.3
GeV and z¢ =0 (top) and 0.25 (bottom).
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Figure G.16: x? tables at /s = 7 TeV with the non-universal charm fragmentation. m, = 1.5
GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.17: x? tables at /s = 7 TeV with the non-universal charm fragmentation. m, = 1.5
GeV and z¢ =0.75 (top) and 1 (bottom).
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Figure G.18: x? tables at /s = 7 TeV with the non-universal charm fragmentation. m, = 1.7
GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.19: x? tables at /s = 7 TeV with the non-universal charm fragmentation. m, = 1.7
GeV and z¢ =0.75 (top) and 1 (bottom).
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Figure G.20: x? tables at /s = 7 TeV with the non-universal charm fragmentation. m, = 1.9
GeV and z¢ =0 (top) and 0.25 (bottom).
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Figure G.21: x? tables at /s = 7 TeV with the non-universal charm fragmentation. m, = 1.9
GeV and z¢ =0.5 (top) and 0.75 (bottom).
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Figure G.22: x2 tables at /s = 13 TeV with the non-universal charm fragmentation. m. =

GeV and z¢ =0 (top) and 0.25 (bottom).
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Figure G.23: 2 tables at /s = 13 TeV with the non-universal charm fragmentation. m. = 1.3
GeV and z¢ =0.5 (top), 0.75 (bottom).
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Figure G.24: 2 tables at /s = 13 TeV with the non-universal charm fragmentation. m. = 1.5
GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.25: x2 tables at /s = 13 TeV with the non-universal charm fragmentation. m. = 1.5
GeV and z¢ =0.75 (top) and 1 (bottom).
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Figure G.26: x? tables at /s = 13 TeV with the non-universal charm fragmentation. m. = 1.7
GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.27: x2 tables at /s = 13 TeV with the non-universal charm fragmentation. m. = 1.7
GeV and z¢ =0.75 (top) and 1 (bottom).
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Figure G.28: 2 tables at /s = 13 TeV with the non-universal charm fragmentation.

GeV and z¢ =0 (top) and 0.25 (bottom).
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Figure G.29: x2 tables at /s = 13 TeV with the non-universal charm fragmentation. m. = 1.9
GeV and z¢ =0.5 (top) and 0.75 (bottom).
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Figure G.30: x? tables at /s = 0.9 TeV with the non-universal charm fragmentation. m. = 1.3
GeV and xy =0.
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Figure G.31: x? tables at /s = 0.9 TeV with the non-universal charm fragmentation. m. = 1.5
GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.32: x? tables at /s = 0.9 TeV with the non-universal charm fragmentation. m. = 1.5
GeV and z¢ =0.75 (top) and 1 (bottom).
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Figure G.33: x? tables at /s = 0.9 TeV with the non-universal charm fragmentation. m. = 1.7

GeV and z¢ =0 (top), 0.25 (middle) and 0.5 (bottom).
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Figure G.34: x? tables at /s = 0.9 TeV with the non-universal charm fragmentation. m. = 1.7
GeV and z¢ =0.75 (top) and 1 (bottom).
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Figure G.35: x? tables at /s = 0.9 TeV with the non-universal charm fragmentation. m. = 1.9

GeV and z¢ =0 (top) and 0.25 (middle) and 0.5 (bottom).
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Figure G.36: x? tables at /s = 0.9 TeV with the non-universal charm fragmentation. m. = 1.9
GeV and z¢ =0.75 (top) and 1 (bottom).
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Figure G.37: The least x?s (top), axs (middle) and z,s (bottom) with fixed z ¢ and m, at /s =
5 TeV with the universality assumption.
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Figure G.38: The least x2s (top), axs (middle) and z,s (bottom) with fixed 2 and m, at /s =
5 TeV with the non-universal charm fragmentation. The global least x? is determined to be
110.8 with the number of degrees freedom is 52. Ax? = 10.0 with S factor 1.46.
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Figure G.39: The least x?s (top), axs (middle) and z,s (bottom) with fixed z; and m. at
/s = 5 TeV with the non-universal charm fragmentation, but excluding the pr < 1 GeV bins
of ALICE. This table was produced just as a reference and not used to derive the total charm
cross section at /s = 5 TeV.
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Figure G.40: The least x%s (top), axs (middle) and z,s (bottom) with fixed 2 and m. at /s =
5 TeV with the non-universal charm fragmentation, but excluding all the pr < 1 GeV bins.

This table was produced just as a reference and not used to derive the total charm cross section
at /s = 5 TeV.
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Figure G.41: The least x*s (top), axs (middle) and z,s (bottom) with fixed = and m, at /s =
7 TeV with the non-universal charm fragmentation. The global least x? is not determined within
the chosen parameters of xy and m.. Since similar patterns of x? distribution were observed
in Figure G.39 and G.40 with missing (part of) pr < 1 GeV data inputs, the global least x? is
chosen to be 48.5 by taking the same py and m. as the ones determined in Figure G.38. With
the number of degrees freedom is 72, Ax? = 4.7 (without applying a S factor).
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Figure G.42: The least x2s (top), axs (middle) and z,s (bottom) with fixed 2 and m, at /s =
13 TeV with the non-universal charm fragmentation. The global least x? is determined to be
72.7 with the number of degrees freedom is 54. Ax? = 6.3 with S factor 1.16.
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Figure G.43: The least x*s (top), axs (middle) and z,s (bottom) with fixed = and m, at /s =
0.9 TeV with the non-universal charm fragmentation. Within the chosen parameters of z; and
me, almost no variations are observed in the least y2s. The global least x? was chosen to be
34.9 with the same py and m. as the ones determined in Figure G.38, while all the least x%s

were taken to determine y? uncertainty for the total charm cross section at /s = 0.9 TeV. The
number of degrees freedom is 42.
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Cross Sections as a Function of pp and
Y

In this Appendix, the D° or D*T cross sections at /s = 5, 7, 13 and 0.9 TeV are collected as
a function of pr and |y|.



Chapter H. Cross Sections as a Function of pr and |y|
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Figure H.1: D° + D’ cross sections at Vs = 5 TeV as a function of |y|. The ddFONLL was
derived with the universality assumption and is shown with the f“* uncertainty.
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Figure H.2: D° + D cross sections at Vs = 5 TeV as a function of pp. The ddFONLL was

derived with the universality assumption and is shown with f“* uncertainty.
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Figure H.3: D° + D’ cross sections at Vs = 5 TeV as a function of |y|. The ddFONLL was
derived with the non-universal charm fragmentation and is shown with the PDF uncertainty.
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Figure H.4: D° + D cross sections at Vs = 5 TeV as a function of pp. The ddFONLL was
derived with the non-universal charm fragmentation and is shown with the PDF uncertainty.
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Figure H.5: D° + D’ cross sections at Vs =5 TeV as a function of |y|. The ddFONLL was

derived with the non-universal charm fragmentation and is shown with f uncertainty.
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Figure H.6: D° + D cross sections at Vs = 5 TeV as a function of pp. The ddFONLL was

derived with the non-universal charm fragmentation and is shown with f uncertainty.
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Figure H.7: D° + D’ cross sections at Vs =5 TeV as a function of |y|. The ddFONLL was
derived with the non-universal charm fragmentation and is shown with z¢, x,, ax and m.
uncertainty.
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Figure H.8: D° + D° cross sections at Vs = 5 TeV as a function of pr. The ddFONLL was

derived with the non-universal charm fragmentation and is shown with z¢, x,, ax and m.

uncertainty.
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Figure H.9: D° + D’ cross sections at Vs = 5 TeV as a function of |y
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. The ddFONLL was

derived with the non-universal charm fragmentation and is shown with total uncertainty.

312



313

P, (GeV)

0 123 4567 8 910

MM e ,,::::::::WM . ::::::::WM
[ [ B [ [ B [ [ 1|8
4 [ 19 a 4 [ 19 a" 4 [ 1o
ES E © E ®
L [ o L [ j L [ ]
B 8 2 8 g
3 i I~ 3 3 i I~ 3 3 i I~
L [ lo L B [ lo L B [ lo
F Ry} F o F 40
[ By T N [ Bo [ IN [ By T a ™
F=-e s E) v ot qo ¥ ot o
aY 5> gy
- gE> Jo - EvV r Jo - gE> 1o
Sv On o v
[ [ - [N [ e o< [ Je
Loinils L Y RUTE S | VIV P2y S o
- o - = S g = i
TINOSPP/elep TINO=PP/elep (@) K“d)oy TINO=PP/elep
! :,::::::::MM . e ,,::::::::MM :::::::::MM . AR
[ [ B [ [ _ B [ [ 1|8 [ [ ]
=l [ 19 a" =l [ 19 a" =l [ 1o =l [ ]
b= b= b= - =
-3 ‘ o [ 553 ‘ o [ 53 ‘ LB ‘ :
hs O o O o L
g i I~ 5 3 i I~ I3 i 4 ™~ E i ]
L [ lo [ &= [ lo [ = [ lo L [ ]
F Ry} F R} F 40 F 4
[ B IN [ By [ IN [ Be [ " N [ [ ]
Dy ot {1 =3V H DYt o b 1
8> s =
r Ev | N " E= o~ " EV | JoN - F 4
S o v o
oo L - oo L de am L i — L 4
Lol . . n,w L M Londo :::f::- Loendo . n,u L Ll
- o S S = - o - o 5 9 = =
TINOHPP/EIEp (@) K“d)oy TINOHPP/erEp TINOHPP/erEp @) K“doy TINOHPP/ErEp
: ,, :,E,::,j::mM - ,,::::::::WM — ,, ,,::::::::WM
[ [ = [ [ = [ [ g a8
4 [ 1" 4 [ 1o 4 [ o "
z N z z ©
Fe g i 7 P8 i ° F g i
E ‘ I~ g ‘ I~ Iz ‘ ~
| L Jo - L Jo | L ©
F Ele) F o F n
r r 1< r r 1< r r <
B Ro R
a) r 1™ oY 1™ o )
82 8= AN
S ET BN S Ev RN S E= L N
sy S Sv
= - [ L Jet Qo™ L -
. wlinle L i Gl nbidyii e . . . I I I PN
) S =) n B n < o ~ =) O < b
=1 S = IS =1 S = - o S = - IS
(ql) (A “d)o v TINOHPP/erep (q) (A “d)o v TINOHPP/erep (i) (Ad)o v TINOHPP/eIep

Figure H.10: D + D cross sections at /s =5 TeV as a function of pp. The ddFONLL was

derived with th