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1. Introduction

The ongoing advancement of humankind is driven by the irrepressible aspiration to
understand how things function and what they are made of. Elementary particle
physics is at the forefront of this endeavour as it strives to describe the smallest
constituents of matter. It is the key to our endless curiosity of understanding
the most fundamental questions: when and — more importantly — how did the
universe begin? Although the ultimate answer is yet unknown, the Standard Model
of elementary particle physics is the current theoretical framework describing the
elementary particles and their interactions. It is the culmination of work done over the
past decades while constantly being improved and extended. Nonetheless, the core
concepts of the model withstand all efforts trying to falsify them using experiments of
ever increasing magnitude. Huge laboratories operate particle accelerators reaching
higher and higher energies to test the predictions of the Standard Model and to
advance our knowledge of elementary particles and their interactions. One of the
apparent short-comings of the Standard Model is its lacking explanation for the
observable matter-antimatter difference in the universe. While it does allow processes
that behave differently under a charge-parity transformation (CP), these effects are
too small to account for the visible difference in the universe itself. The violation of
CP symmetry has been discovered in the decays in the strange and beauty quark
sector. However, all of these observations are in agreement with the predictions
of the Standard Model. This sets the stage for the charm quark for which no CP
violation has yet been observed and Standard Model predictions are tiny. Thus any
kind of substantial CP violation in charm physics is a sign of physics beyond the
Standard Model and might be a hint towards the missing piece of the puzzle to

explain the visible matter-antimatter difference.

In Summer 2015, the Large Hadron Collider (LHC) resumed operations after two
years of technical overhauls and updates. Commonly referred to as Run 2, it delivers
proton-proton collisions at /s = 13 TeV, almost twice the energy as before and the
highest energy ever reached in human-made collisions of particles. This heralds a new
age in charm physics where the LHCb experiment located at the LHC will record
samples of charm decays of unheard-of sizes, allowing the ability to probe new physics
in the charm sector with unprecedented precision. The main part of this thesis is
constituted by a measurement of charm meson production cross-sections using Run 2
data at /s = 13 TeV as well as 5 TeV. Intended to confirm the expected large sample
sizes that will be recorded in the future due to the increased cross-sections at 13 TeV,
those measurements also constitute valuable input to QCD calculations where they

can, especially in their combination, constrain the large theoretical uncertainties.
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1 Introduction

Additionally, this thesis explores the potential of performing a time- and model-
dependent amplitude analysis of D’ — K7 777~ decays. This decay can proceed
via two different paths and their interference: the direct decay, which is suppressed,
and the oscillation of a D° to an D° followed by the favoured decay, D° — D° —
K*n ntn~. The study aims to highlight the tremendous increase in precision
on the parameters governing this mixing (and subsequently indirect CP violation)
achievable due to the large amount of data available in Run 2 of the LHC. However,
these large samples of charm decays do not come without a cost: their analysis is
increasingly strenuous on the available computing resources, which are not increasing
in proportion with the data. An area especially affected by this is the simulation
of events, which are crucial to understand the detector response and to extract the
physics knowledge from the data. Therefore, this thesis also presents developments
to improve the speed of the simulation, thus enabling the exploitation of the large

datasets of charm decays to their fullest potential.

This thesis is structured as follows: Chapter 2 discusses the background of the
presented work. This includes theoretical discussions as well as summaries of the
current experimental status. The experimental setup, namely the LHC and the
LHCb detector, are the topic of Chapter 3. The simulation of events in general and
within LHCb in particular are discussed in Chapter 4, focusing on the author’s work
on increasing the speed of the event simulation by implementing a novel approach.
Following this, the main body of work, namely the measurements of charm meson
production cross-sections at /s =5TeV and 13TeV, is presented in Chapter 5
before studies on the measurement of mixing parameters are explored in Chapter 6.
Ultimately, this thesis concludes with a brief summary and an outlook for the future

of charm mixing measurements at LHCb in Chapter 7.

Natural units A = ¢ = e = 1 are used throughout this document and all given values
for particle properties are taken from Ref. [3] unless otherwise stated. Furthermore,
charge conjugation is implied wherever certain particles or decay chains are discussed

unless explicitly revoked.
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This section intends to give an overview of the context in which the measurements
constituting the thesis are performed. Typically, this context refers to the Standard
Model of particle physics which forms the underlying theoretical description that
the measurements rely upon and thus is discussed briefly in Section 2.1. However,
this connection is rather loose in flavour physics, which tends to be driven by
phenomenological approaches and effective theories. Therefore, this section aims
to give a narrative as to why the measurements are performed by highlighting the
need of cross-section measurements with wide-ranging applications in Section 2.2.
This is followed by an overview of the current theoretical and experimental approach
to measurements of parameters describing mixing in the neutral charm system in
Section 2.3 before a discussion on the construction of amplitude models needed for

these measurements is given in Section 2.4.
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2 The giants’ shoulders

2.1 The Standard Model of particle physics

The current Standard Model of elementary
particle physics serves as a theoretical frame-
work to understand the behaviour and prop-
erties of the microcosm. It is based on quan-
. tum field theories, which describe the inter-
actions between fermions — half integer spin
particles — mediated by bosons with inte-
ger spins. The Standard Model currently
incorporates three fundamental forces: the

electromagnetic, weak and strong force. The

fourth fundamental force — gravity — is not

Fig. 2.1: Overview of all known elementary included.
fermions and their affiliation to one of the
three families.

2.1.1 The elementary particles

Elementary particles are the basic building blocks of matter and have no known
substructure. The Standard Model is currently comprised of twelve different spin-1/2
particles — the so-called fermions. One distinguishes between two distinct kinds of
elementary fermions: quarks and leptons. An overview of all known elementary
fermions is given in Figure 2.1. The set of six known quarks is further divided into
two groups: up- and down-type quarks, while the known set of leptons is separated
into electrically charged and neutral particles, known as the neutrinos. All particles
within one of these four groups share the same quantum numbers. As visualised in
Figure 2.1, a second ordering scheme is implied which places the known elementary
fermions in one of three generations. All observed stable matter is solely built by the
members of the first generation — the electron, the electron neutrino, the up- and the
down-quark. The particles in the other two families are unstable and can only be
observed for a brief moment after their creation in highly energetic processes, e.g. at
a particle collider. Furthermore, due to their significantly higher masses, the charm,

bottom and top quark are also referred to as the heavy quarks.

The aforementioned separation into distinct types of fermions is made due to their
different quantum numbers. These quantum numbers determine the coupling strength

of the fermions to the different forces and hence also which forces can act upon them.
Electric charge

The defining property that separates the four different types of particles is the electric

charge ). Charged leptons carry () = —1 whereas their counterpart — the neutrinos

20



2.1 The Standard Model of particle physics 2 The giants’ shoulders

— do not have an electric charge and hence will not participate in electromagnetic
processes. The up-type quarks carry an electric charge of ) = +2/3 whereas the

down-type quarks carry @ = —1/3.
Isospin

The isospin, typically described by its third component Tj, is the charge of the
weak interaction. Due to the vector minus axial vector (V' — A) structure of the
charged current interaction, it only couples to left-handed particles. The handedness
refers to the chirality of the particle, which is a quantity invariant under Lorentz
boosts and obtained by using the chirality operator 75 on a spinor representing
the particle. Therefore, the left-handed leptons and quarks are ordered in isospin
doublets (73 = £1/2) while the right-handed particles are present in isospin singlets
(T3 = 0). Neutrinos solely couple to V' — A structures and are assumed to be massless
in the Standard Model. Conclusively, only left-handed neutrinos participate in
the interactions described by the Standard Model. However, the observation of
neutrino oscillation indicates that neutrinos are indeed massive [4, 5]. This implies

the existence of physics beyond the Standard Model.
Colour charge

The colour charge is the charge of the strong interaction and only carried by quarks.
It can take three different values which are called, in analogy to visual colours, red,

blue and green. Therefore, leptons do not participate in the strong interaction.

For every particle there exists an antiparticle of equal mass but inverted quantum
numbers. The interactions are included in the Standard Model by requiring the
Lagrangian of a free particle to be invariant under local gauge transformations. They

are described in the following.

2.1.2 The electroweak interaction

The electromagnetic interaction is included in the Lagrangian by requiring it to
be invariant under the local gauge transformation U (1)Q. To achieve the gauge
invariance, one has to modify the derivative and introduce a local gauge field A,
corresponding to the photon, the mediating boson of the electromagnetic interaction.
The same can be done to include the weak interaction by using SU(2), as the
symmetry group. This introduces three additional fields Wj’z’?’ of which Wl} and Wi
are linearly combined to form the W™ and W~ bosons. However, no correspondence

to any known particle has been found for the third component Wi
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2 The giants’ shoulders 2.1 The Standard Model of particle physics

A solution to this problem was first developed by Weinberg, Salam and Glashow [6-8],
who proposed to unify the descriptions of electromagnetic and weak interactions into

the electroweak interaction described by a common gauge symmetry group:
U(l)y x SU2),

where the hypercharge Y = 2@Q) — T3 is the generator of the U(1), interaction, which
introduces a field B,, to the Lagrangian to ensure gauge invariance. Mixing WEL’ and
B,, using a unitary matrix characterised by the Weinberg-angle 6y, leads to two

gauge fields:

sin(fy) + B, cos(fy) and

Ay
Z, cos(fy ) — B, sin(fy) .

35

A, corresponds to the photon and only couples to electrically charged particles while
the new gauge field Z, corresponds to the Z % hoson, which is the mediating particle
of the weak neutral-current interaction. The Higgs mechanism [9, 10], which was
experimentally confirmed in 2012 [11, 12], spontaneously breaks the symmetry of the
electroweak Lagrangian, which generates mass terms for the W and Z boson field,

while none is obtained for the A field and thus keeping the photon massless.

2.1.3 The strong interaction

The strong interaction is described by quantum chromodynamics and is given by the
gauge symmetry group SU(3).. It describes the interactions of particles carrying a
colour charge. The eight generators of SU(3), result in eight different gluons. Those
are the mediating particles in the strong interaction. Furthermore, they can couple
to each other due to carrying colour charges themselves. The so-called confinement
requires quarks to be bound in colourless hadrons because states with a net colour
charge are not invariant under SU(3), transformations. Therefore, quarks cannot
be observed as free particles in nature. These colourless hadrons are either mesons
lgg) combining two quarks carrying a colour and corresponding anticolour charge,
or baryons |gqq) combining all three colours or anticolours. Furthermore, exotic
states, which could be explained as four-quark and five-quark bound states, have
been observed [13-15]. The strong coupling, which is bound by gluons, increases with
increasing distance between two quarks which are bound by gluons in contrast to the
weak coupling that decreases with increasing distance. If two quarks are separated,
there is a point where it is energetically more favourable to produce an additional
quark-antiquark pair instead of increasing the distance any further. This results in
hadronisation — a quark in the final state of any process spawns quark-antiquark

pairs until the energy is too low and bound states between these quarks are able
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2.1 The Standard Model of particle physics 2 The giants’ shoulders

to form. These bound states are the aforementioned hadrons — the actual particles

which are observable in experiments.

2.1.4 The CKM matrix

Experimental results indicate that the quark states participating in the charged
current interaction given by the SU(2), are not identical to the mass eigenstates
(which correspond to the states coupling to the electromagnetic and strong force).
This is described by the unitary CKM matrix [16, 17], which connects the weak

down-type eigenstates |d') to the flavour eigenstates |d):

| d/> | d> Vud Vus Vub | d>
) | =Vexm | 1s) |- = | Ve Ves Vo || 19) |- (2.1)
) |b) Viae Vis Vi) \I)

This has important consequences: the charged-current interactions are unique as
they can couple quarks of different generations by accessing the off-diagonal elements
in the CKM matrix. The square of the absolute value for each entry of the CKM
matrix gives the probability for finding a specific flavour in a given weak eigenstate.
As the magnitudes of the off-diagonal elements in the matrix are significantly smaller
than those on the diagonal, processes involving off-diagonal transistions are called
Cabibbo-suppressed. Furthermore, a 3 x 3 unitary matrix allows for a complex phase,
which introduces CP violation to the weak decays. This CP violation was discovered
in BY decays [18, 19]. The CKM matrix has four free parameters and is commonly
expressed by three rotation angles, 6,3, 6,5 and 6,3 as well as a complex phase 3,

leading to a combination of three rotation matrices:

1 0 0 C13 0 8136_7;613 C19 S12 0
Vekm = [0 ca3 893 0 1 0 —s12 c12 0], (22)
0 —S893 (o3 —81362613 0 C13 0 0 1

where s;; and ¢;; are the sine and cosine of the rotation angle ¢;;. A common param-
eterisation of the CKM matrix is also given by the Wolfenstein parameterisation [20],

which is centred around the parameter
A= S12 . (23)
The additional three parameters A, p and n are defined as

So3 = AXN?, and (2.4)
size” 01 = AN (p —in) . (2.5)



2 The giants’ shoulders 2.1 The Standard Model of particle physics

The benefit of choosing this parameterisation is the magnitude of the different
parameters. While A is approximately 0.22, the remaining parameters are all O(1),
which allows the expansion of the CKM matrix in orders of A to quickly judge the
magnitudes of different quark transitions and which of these transitions are most
sensitive to the effect of the CP violating phase. The expansion to A* in the real
parts and to A® in the imaginary parts of the CKM matrix yields:

— 1\ A AN (p —in + ini\?)
Vokm = - — L —inAPAt AN (1)) . (2.6)
AN (1 — p —in) —AN? 1

Therefore, up to this expansion, CP violation enters through the complex terms in
Via, Ves, Vi and V. For charm, the CKM matrix is effectively reduced to a 2 x 2
matrix, significantly suppressing CP violation for charm mesons in the SM, and thus
any substantial amount of CP violation in the charm sector is a clear sign of new

physics.

2.2 Charm meson production

Chapter 5 presents measurements of charm meson production cross-sections in
proton-proton collisions at centre-of-mass energies of /s = 5TeV and 13 TeV. These
cross-section measurements have previously been performed in different kinematic
regions for various centre-of-mass energies in the TeV range. Measurements by
the CDF experiment at the Tevatron cover the central rapidity region |y| < 1 and
transverse momenta, pp, between 5.5 GeV/c and 20 GeV/e at /s = 1.96 TeV in pp
collisions [21]. At the LHC, charm cross-sections in pp collisions have been measured
in the |y| < 0.5 region for pp > 1GeV/c at /s = 2.76 TeV and for pr > 0GeV/c at
Vs = 7TeV by the ALICE experiment [22-25], and for pseudorapidity |n| < 2.1 in
the pr region 3.5 < pp < 100 GeV/c at /s = 7TeV by the ATLAS experiment [26].
The LHCb experiment has recorded the world’s largest dataset of charm hadrons to
date and this has led to numerous high-precision measurements of their production
and decay properties. LHCb measured the cross-sections in the forward region
2.0 <y <45 for 0 < pr <8GeV/c at /s =T7TeV [27].

The LHCb experiment’s unique acceptance, which is discussed in Section 3.2, allows

for these cross-sections to probe relatively large rapidities with values reaching up to

4.5, where the rapidity of the meson is defined as:
1. E+p,

=_] )
y ZHE—pZ

(2.7)

While the existence of charm mesons is hardly a surprise and the abundance in pp

collisions is well known, precise measurements, especially at different centre-of-mass
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2.2 Charm meson production 2 The giants’ shoulders

energies in the forward region, are an important ingredient or constraint for other
applications. These applications cover a wide range of scenarios, for example, they
are used to constrain theoretical uncertainties in QCD calculations which, in turn,
help to reduce experimental uncertainties in many areas, for example high-energy
neutrino physics. The measurements in pp collisions are also used as reference inputs
for analyses of heavy ion collisions. This section discusses the different applications
and describes the theoretical predictions which are compared to data and is discussed
in Chapter 5.

2.2.1 Parton density functions constraints

The proton is a composite particle comprised of two up and one down quark tightly
bound by the strong force. These partons form the so-called valence quarks. They
are accompanied by the so-called sea quarks, which can be momentarily created
as fluctuations in the strong field. The high energy collisions at the Large Hadron
Collider probe this substructure of the protons and the actual interactions happening
between the different partons of the colliding protons. The total cross-section for
a given process, e.g. pp — c¢, is then given by a combination of all allowed parton

combinations and can be written as:

1

Iix]‘S

do(pp — ce) = Z ‘Mijﬁcéffi(xi? QQ)fj(xp QQ)dZUz‘dl’jd‘I’n 5 (2.8)

2y

where the sum is taken over all allowed permutations of partons, M;;_,. is the
matrix element for the specific process, and ®,, is a point in the phase space of
the process. The momentum fractions xz; and x; give the fraction of the proton’s
momentum carried by parton i and j respectively and f; and f; are the respective
parton density functions (PDF), which give the probabilities for the different partons
as functions of the momentum fraction z. Additionally, the PDFs depend on the
energy scale Q? at which they are being probed. As the dynamics inside a proton
are driven by low energetic, soft QCD effects, pertubation theory cannot be applied
and thus no calculations can be performed to get the value of f for a given x and
Q?. Therefore, the values need to be extracted from measurements. However, this
poses an immediate problem: different experiments cover different regions in Q.
Figure 2.2a illustrates the different regions, which do not necessarily overlap and thus
it is not immediately clear how to apply already known PDFs to new experiments, e.g.
how the PDFs derived from HERA data can be used in LHC analyses which cover a
much higher Q? range. The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
differential equations [29-31] allow to compute the evolution of the PDF in Q? from
any known reference value at QZ, thus allowing the transfer of a measured PDF to
different Q* regions. Nonetheless, the dependence on z still needs to be extracted

from measurements.
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Fig. 2.2: (a) Region probed by various experiments, depending on the process and rapidity
where charm meson production occupies the Q region starting at (2m(D))? ~ 16 GeV2. (b)
NNPDF3.0 set evaluated at roughly this momentum transfer, obtained from a global analysis
described in Ref. [28]. Both figures are taken from Ref. [3].

When extracting the PDF for the different partons from experimental data, some
choices need to be made that are to some extended arbitrary due to the phenomeno-
logical treatment of soft QCD effects. These choices include the decision on which
experimental data to consider, the level of expansion in the coupling constant when
computing the perturbative matrix element and the treatment of soft QCD effects.
For simplicity, Equation (2.8) ignored the additional contributions due to the fact
that an experiment does not observe a c¢ final state but measures only the resulting
hadrons after hadronisation. This requires the inclusion of fragmentation models
and their uncertainties. Due to these different choices that need to be made, several
different theory groups published different sets of PDFs. For example, the theoretical
predictions which are compared to the measured cross-sections in this thesis use the
NNPDF3.0 [28] (also shown in Figure 2.2) and CT10 [32] sets.

Figure 2.2 reveals that LHCb measurements, which are able to cover rapidity values
up to 4.5, are potentially very useful to extract the PDF for low values of x down to
10_6, a region that no other experiment can probe. In this region, processes such
as pp — cc are completely dominated by the gluon contribution and measurements
of charm meson production can constrain the very large uncertainties in the gluon
PDF. Using the measured production cross-sections of D° and D at Vs =TTeV
by LHCb [27], Gauld et al. [33] managed to significantly reduce the uncertainty of
the gluon PDF in the NNPDF3.0 set with the results shown in Figure 2.3. This is

expected to further improve drastically with the production measurements presented
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Fig. 2.3: Impact of the LHCb charm meson production data at /s = 7 TeV on the precision
of the gluon PDF at low x. Taken from Ref. [33]

in this thesis and has implications beyond particle physics at the LHC. In fact,
Gauld et al. have updated their calculations with the cross-sections presented in this
thesis and the results are discussed in Section 5.8. One application benefiting from

an improved gluon PDF is presented in the following.

2.2.2 Atmospheric neutrino flux

The previously described improvements are very beneficial for experiments measuring
neutrinos of astrophysical origin. Using the IceCube neutrino observatory [34], the
IceCube collaboration studies neutrinos with energies up to several dozen PeV. Unlike
the measurements presented in this thesis, where backgrounds in the measurement
can usually be understood and separated by combining all the products of the
studied decay and looking at variables like the invariant mass, such an approach is
not possible for neutrino observatories. Therefore, it is crucial to understand the
rate of expected background events. One such source of background is referred to as
atmospheric background. While this background is still comprised of neutrinos, their
origins are collisions of highly energetic cosmic rays (mostly protons) with the planet’s
atmosphere. In these collisions, abundantly produced pions and kaons can decay to
neutrinos, which could in principle be detected by the IceCube detector. However,
due to their very high energies from the initial boost of the cosmic ray and their long
life-times, pions and kaons elastically scatter and lose energy while traversing the
atmosphere, which alters and softens the energy spectrum, effectively suppressing their
contribution. This is not true for the produced charm mesons, which have lifetimes
so short that the energy spectrum of the resulting neutrino is almost unchanged.

Figure 2.4 shows the distribution of deposited energy in the IceCube detector
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Fig. 2.4: Distribution of deposited energy in the IceCube detector compared to the different
expected backgrounds. As can be seen, the contribution from charm mesons becomes the
dominant background at high energies. Taken from Ref. [35].

compared to different sources of background. As can be seen, the contributions
from charm mesons become the dominant background towards higher energies.
However, the histogram only gives an upper limit due to the large uncertainties
on the those predictions. Comparing the cosmic-ray-with-atmosphere interactions,
which are essentially fixed target experiments, to symmetric proton-proton collisions,
production measurements performed by LHCb at 5, 7 and 13 TeV correspond to
cosmic ray energies of 12.5, 24.5 and 84.5 PeV. Therefore, measurements performed
by LHCD probe the same part of the gluon PDF and thus the improvements of these
PDFs from LHCb data help to constrain the atmospheric neutrino background [33].

2.2.3 Heavy ion physics

In the study of collisions between heavy ions or heavy ions with protons, the difference
in measured cross-sections when compared to the equivalent proton-proton collisions
is of great interest to understand the effects the nuclear structure has on the cross-
sections themselves. As an example, the nuclear modification factor in proton-lead
collisions (which are an alternative operation mode of the Large Hadron Collider) is

given by:

l ) apr(y*vav \/g)/(dy*de)
A Jpp(y*7pT7 ﬁ)/(dy*de) ’

Rpr (29)
with A = 208 being the atomic mass number of lead and y* being the rapidity
of the proton in the frame of the lead nucleus. For these quantities, reference
measurements need to be performed at the equivalent pp centre-of-mass energy.

Figure 2.5 shows preliminary results relying on extrapolated pp cross-sections for
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Fig. 2.5: Measurements of the nuclear modification factor R,p, by LHCb [36] using data
recorded at 5 TeV. The presented results are preliminary as the pp cross-sections at 5 TeV
have been extrapolated from the measured values at 7 TeV and 13 TeV and an update is in
preparation utilising the results presented in this thesis.

pPDb collisions recorded at a nuclear centre-of-mass energy of 5 TeV. These results

will be updated with the results presented in this thesis.

2.2.4 Theoretical predictions

Theoretical calculations for charm meson production cross-sections in pp collisions at
5TeV and 13 TeV, detailed in Refs. [33] (POWHEG+NNPDF3.0L), [37] (FONLL)
and [38] (GMVFENS), have been provided by the authors. All sets of calculations are
performed at next-to-leading order (NLO precision), and each includes estimates of
theoretical uncertainties due to the renormalisation and factorisation scales. The
theoretical uncertainties provided with the POWHEG+NNPDF3.0L predictions also
include contributions due to uncertainties in the effective charm quark mass and the

parton distribution functions.

The FONLL predictions are provided in the form of D°, DV, and D*" production
cross-sections for pp collisions at 5 TeV and 13 TeV for different (pr, y) bins. Predicted
ratios of these cross-sections, R;3/5, and with respect to 7TeV, Ry3/7, are also
supplied. The calculations use the NNPDF3.0 NLO [28] parton densities. These
FONLL calculations of the meson differential production cross-sections assume
f(c— D) =1 and are multiplied by the transition probabilities measured at ete”
colliders for comparison to the current measurements. No dedicated FONLL cross-

section calculation for D production is available.

The POWHEG+NNPDF3.0L predictions provide D°, D, DI (only 5 TeV) and D**
integrated production cross-sections for pp collisions in the same pt and y binning
used for the measurements. The ratios Ry3/7 and Ry3/5 are also predicted for DY,
D" and D}. They are obtained with POWHEG [39] matched to Pythia 8 [40] parton
showers and an improved version of the NNPDF3.0 NLO parton distribution function
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set designated NNPDF3.0+LHCD [33]. To produce this improved set, the authors
of Ref. [33] weight the NNPDF3.0 NLO set in order to match FONLL calculations
to the LHCb charm cross-section measurements at 7TeV [27]. This results in a
significant reduction in the uncertainties for the gluon distribution function at small
momentum fractions x. Predictions for the integrated cross-section are provided for

each meson.

The GMVFENS calculations include theoretical predictions for the absolute cross-
sections for all mesons studied in this analysis. Results are provided for pp > 3 GeVJe.
Additionally, central values for R3/5 are provided. Here the CT10 [32] set of parton
distributions is used. The GMVFNS theoretical framework includes the convolution
with fragmentation functions describing the transition c— H, that are normalised to
the respective total transition probabilities [41, 42]. The fragmentation functions are
taken from a fit to production measurements at e e~ colliders, where no attempt is

made to separate direct production and feed-down from higher resonances.

2.3 Mixing of neutral mesons

Chapter 6 presents studies on the potential for measuring the parameters describing
the oscillation of D° <3 D° using four-body decays. Therefore, this section discusses
the mixing formalism for neutral mesons and presents results for a model-independent
extraction of the parameters describing the oscillation from D= K n 7t n~ decays.
The same decay is also used in the studies presented in this thesis, albeit following a

model-dependent approach whose intricacies are also highlighted.

2.3.1 Formalism

In neutral meson systems, the weak force gives rise to oscillations between a meson and
its antiparticle, as the weak eigenstates of the quarks differ from their mass eigenstates
as previously discussed. The following discussion focuses on the oscillations in the
neutral D° meson system, which occur via box diagrams as depicted in Figure 2.6.
These transitions occur via down-type quarks on internal lines of the diagram
resulting in at least two suppressed quark transitions accessing off-diagonal elements
of the CKM matrix. Inspecting the leading orders of the accessed CKM matrix
elements for the different down-type quarks, one finds V_ Vi ~ —\, V..V, & A,
and V, V., oc A\°. Therefore, contributions from the b quark on the internal lines are
strongly suppressed and negligible even if the moderate enhancement due to the b
quark mass is considered. This enhancement of heavy quarks is found in calculations
of the loop [43] and is caused by the very heavy W boson also occurring in the loop.
As the masses of s and u quarks are similar and the CKM factor only differs by

the sign, these two contributions almost cancel each other, thus leading to a GIM
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Fig. 2.6: Box diagrams for the oscillation of D +» D° via intermediate down-type quarks on
internal lines.

suppression [44] of the oscillation, making it experimentally challenging to measure.
This is unlike the neutral B system where similar transitions occur via up-type quarks
on the internal lines. While the CKM factors for all three up-type quarks are of
similar order in A, the contribution from the ¢ quark is substantially increased due to
its very high mass compared to all other quarks [43]. This results in experimentally
well established measurements of B meson oscillation [3]. Nonetheless, mixing of D"
mesons has been observed in D¥ — K*n~ decays [45] as well as in combinations of

other measurements.

The neutral charm meson system can be described as a two quantum state system

governed by Schrodinger’s equation for an effective non-hermitian Hamiltonian H:
d i
i) =H) = | M +T )[Y), (2.10)

with the hermitian matrices M and I':

My M Iy T
M= ' and I=[(_'" 1) (2.11)
M12 Mll 1—‘12 I-_‘11

where CPT invariance is assumed, resulting in the elements on the diagonal being
identical. In general, the off-diagonal elements of the matrices M and I" are not zero
and thus the two states |D0> and |D") are not identical to the physical eigenstates
|Dy) and |Dy). Their eigenvalues for the mass m; o, decay width I'; 5 and the
resulting eigenvalues for H are:

1

Ao =MM19+
1,2 1275

[y 9, (2.12)
where
myg = My £ [Mis|  and Iio=T £ Tyl (2.13)

These eigenstates of H can be expressed as linear combinations of the flavour
eigenstates | D) and |D):

Do) = p|D°) + ¢|D°), (2.14)
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where p, ¢ € C and the normalisation of (D 5|D; 5) implies Ip|* + |¢|* = 1. Solving
(H — A1 2d) = 0 yields an additional constraint relating them to the off-diagonal

elements in the Hamiltonian:

p_ My — 7, _ ’1_?
q My =35l g

Using the physical eigenstates, the evolution of the state |D; o(t = 0)) in time is then

e (2.15)

given by:

Dy 5(t)) = Uy 5(t)| Dy 2(0)) (2.16)

where (A]Lz(t) are the time evolution operators for the physical eigenstates given by:
Upo(t) = e 2t = e imate e et (2.17)

It is convenient to introduce here the average mass and decay width of the physical

eigenstates,

r,+r
™t My and I'= 1; 2 (2.18)

2

m

and to define the differences of the respective eigenvalues as dimensionless quantities,

which are the main observables when studying neutral meson mixing:

mi — Mgy

-1
T .

2T’

x and y= (2.19)

With these definitions, the time evolution operator can be transformed into a form

more useful later on:
ULQ(t) _ efimtef%Fte:F%(erix)Ft . (22())

When studying time dependent decay rates one in fact studies the time evolution of
the flavour eigenstates, which is obtained by expressing the flavour eigenstates as

combinations of mass eigenstates (by inverting Equation (2.14)):

ID°(0) = - (G 0)1D1(0)) + Vo] D (0))), (221)
ID"(0) = 5 (DL01D1 0) = L) Do) (222)

Expressing the mass eigenstates at ¢ = 0 again as flavour eigenstates yields the final

equations for the time evolution of the flavour states:

A~ A A~ A~

Ui(t) J2r U2(t)|Do> +}% o w@o% (2.23)

D°(t)) = .
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— Uy(t) + Us(t), = Uy (t) — Us(t
2 P 2

In a measurement, this time dependence is studied by measuring the time-dependent

decay rate to a certain final state (f|. The time dependent decay amplitudes are

then given as:

A~ A~ A~ A~

Uy (t) + Us(2) g Ui(t) —Uy(?) ;

As(t) = (fIHID()) = 5 Apt 5 Ay, (2.25)
A0 = (g = DHOE 0 0 BB,

where Ay = (f|H|D°) and Ay = (f|#|D°). Depending on the final state, these
decay amplitudes are usually a function of the position in phase-space ®,,. For
readability, this dependence is not explicitly noted here. Additionally, a second set
of equations exists for the CP conjugated decay that can be computed analogously
to the calculations presented here. The measured decay rate as a function of the
decay time is proportional to the squared amplitude ‘A f’2. Computing this can be

simplified by reordering the right-hand side of Equation (2.25):

Ap(t) = @(Af +%Af) + %2@ (Af —%Af) . (2.27)

With this, the amplitude squared is computed as:

4 Af* = 24% x 24, (2.28)

oo +28) 3+ (]

p
+ UF (1) Uy(t) (A} + EAJC} ) (Af - gfxf) : (2.29)
Given a set of identities for the combinations of the time evolution operators,

2 2 —Tt_—yT't

1(t)‘ — ¢ Ttemult (2.30)
. 2

UQ(t)‘ — ¢ Ttetult (2.31)
U () U5 (t) = e e ™1t 2.32)
Ur(t)Uy(t) = e Fetiett (2.33)
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and some general identities for any two complex numbers a and b, namely:

2i3(ab®) = (ab* — ba™) = —2i3(a’d) , (2.34)
2R(ab") = (ab* + ba™) = 2R(ba™) . (2.35)

This can be used to simplify Equation (2.29):

+ —ixl't A 2_‘gA
e lagp - [t

T 2@%(Af EAJC} * }
2 + 2 (Af EAJ ) } (2.36)

and finally, the exponential functions can be accumulated into trigonometric and

4 o tiaTt A?_‘QA
o lagp - |14

hyperbolic functions, revealing the oscillating components in the time dependent

decay rate:

AP (1) =

{|Af(<1>n)‘2 + ’%Af((bn) } cosh(yI't)

+ {|Af(o1>n)\2 - ‘%Af@n) 2} cos(aT't)
- 23%{ H A f(q)n)fr;(cbn)} sinh(yI't)
—2%{ E] *Af(cbn)[x}(q)n)} sin(xT't) } . (2.37)

The corresponding equation for the CP conjugated decay can analogously be obtained:

112 _1 —TI't
‘Af‘ (t,®,) = 26

{|A;<<I>n> ‘1 ]gAf@n)

2} cosh(yI't)

2} cos(zI't)
— 2R p] Af@n)A;(@n)}smh(yrt)

—2%{ F *Af@n)A;(q)n)} sin(a:Ft)] . (2.38)
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Fig. 2.7: Feynman diagrams for the double Cabibbo-suppressed decay of a D° (a) and the
Cabibbo-favoured decay of a D° (b) into the same final state, K™7~ (77 ™). Only the weak
components of the decays are depicted, QCD radiation creates an additional vz and dd pair to
form the remaining two pions.

In the absence of direct CP violation in the decay amplitudes themselves, implying
Ay = /_lf and A 5 = Ay, indirect CP violation can be introduced for ¢ > 0 through
the mixing and interference terms in Equations (2.37) and (2.38) if ¢/p # 1.

2.3.2 The decay D° - Ktn—ntn—

A possible candidate to study the mixing of D and D° mesons is the decay D" —
K n n"n~. This decay can either occur directly as illustrated in the diagram
in Figure 2.7a or, as discussed in the previous section, by the transition into a
D first and then following the decay depicted in Figure 2.7b to the same final
state. The two amplitudes involved have a striking difference: while the decay
amplitude Apcg for the D’ Ktr 7t n™ decay is strongly suppressed due to two

tn~ proceeds

unfavoured quark transitions, the amplitude Aqp for D’ Kt r
only via favoured transitions. Therefore, |ACF|2 > |ADCS|2 holds for the phase-space
integrated amplitudes which has important consequences when studying mixing in

this decay.

As previously discussed, the charm mixing diagrams in Figure 2.6 are strongly
suppressed, which is also reflected by the current world average on the mixing
parameters x and y, which have values well below 1%. This results in the arguments
of the trigonometric and hyperbolic functions, xI't and yI't being < 1 for any
experimentally reasonable ¢t. Therefore, the effect of mixing when measuring the rate
of Cabibbo favoured D*— K77 7" decays is completely negligible and the time

dependent decay amplitude simply becomes

|Apg(t, ®,)[* = e | Acp(@,)| (2.39)

where the subscript RS stands for the right-sign decay to differentiate the measured
process more clearly from the pure decay amplitude. While this seems arbitrary

for RS, the corresponding wrong-sign (WS) decay D’ — K7 77 is not simply

35



2 The giants’ shoulders 2.3 Mixing of neutral mesons

obtained by multiplying the Apcg amplitude with an exponential decay time term.
In this decay, the double Cabibbo-suppressed final state D’ — Ktr 7t n™ receives
significant contributions from mixing, where small mixing parameters and the much
larger Cabibbo-favoured amplitude balance. This leads to contributions similar to
the direct decay to the suppressed final state on the order of a few decay times. This
follows from Equation (2.37), where A; = Apcg and Ay = Acp. Expanding this
equation to second order in z and y leads to an approximated relation where the

different contributions to the time-dependent amplitude are separated:

[Aws(t,®,)> = e || Apes(@,)[?

2y2 Fipe
4

2 2
2y — T

q

+ | Acr(®,)[’ , (I't)

+ [Apcs(Pn)| (I't)?

— [Apcs(®,)]|Acr(2,,)]

g‘rt
P

X {y COS((;(CI)n) - ¢> - xSin(5<q)n> - gb)}] ’ (24())

where the argument of the trigonometric functions is defined as the argument of the

interference term:
s(@,) o =g [2] @450, 2.41)

Here, ¢ is the phase of ¢/p and §(®,,) is the phase difference between Apcg and Acp,
which can vary across the phase-space. Typically, ¢ is referred to as the weak phase
while § is called the strong phase difference. Equation (2.40) reveals the different
contributions: a term constant in ¢ gives the direct decay amplitude and is the only
remaining term for ¢ = 0. With ¢ > 0, a term quadratic in ¢ gives the contribution
from oscillating into a D followed by the favoured decay and a linear contribution
gives the interference between these two processes and strongly depends on the
phase difference between the two decay amplitudes. In the following, two different
approaches are discussed to extract information on the mixing parameters from
D°— Ktn 777~ decays. The main difference is the treatment of the dependence
on the position in phase-space ®,: in a model-independent approach, the mixing
equation is reformulated using phase-space averaged quantities, which are then
extracted alongside the mixing parameters themselves. In contrast, in a model-
dependent approach, the full amplitude models are constructed. For a four-body
decay, this results in five-dimensional complex models. As will be demonstrated in

the following, such an approach allows direct access to the parameters of interest
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while it introduces additional complexity and sources for systematic uncertainties
due to the choice of the model.

2.3.3 Model-independent measurements in D’ Ktn ntn™
In a model-independent measurement, all phase-space dependent quantities in Equa-
tion (2.40) are replaced by phase-space averaged quantities. Furthermore, contribu-
tions proportional to \ADCS|2m2 and \ADCS|2y2 are ignored as they are suppressed
both by the small mixing parameters and the suppressed amplitude. Performing the

average (assuming no CP violation and thus p/q = 1) one obtains:

y2+$2

|Aws®)” = e | |Apcs|® + |ACF‘2 X (T't)?

~ | Apcsl| Acs| x {ylcos(d) — a(sin(@)} x Tt| ,  (242)

where (cos(d)) and (sin(d)) are the phase space averaged sine and cosine values for
the strong phase difference. Typically, these averages are replaced by defining an

average phase-space difference ¢ defined such that
R,e"” = (cos(6)) + i(sin(5)) (2.43)
holds with R, being a coherence factor, which encapsulates the motion of the phase

across the phase-space, resulting in:

2 2

, ~ 2
|Aws(t)]? = e | |Apcs|® + [Acp|” x

— |Apcs||Acr| X Re x {ycos(0) —zsin(6) } x Tt| . (2.44)

Following this approach, a model-independent measurement has been performed
by LHCb which is described in Ref. [46]. In this measurement, the ratio of D —
Ktrrnn to D= K atr 7" decays is extracted in bins of decay time, which

is modelled using

Ao ()2 2, 2
R(t) = M =r> —r x Ry xT't+ it (T't)? (2.45)
| Ars (1))
with the substitutions
A
p = Ancsl g (2.46)
[Ack|
y' =ycos(d) — zsin(d) . (2.47)
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Fig. 2.8: Fit of R(t), see Equation (2.45), to data measured by LHCb. Three different fits are
shown: an unconstrained fit with the floating parameters as described in the text, a fit where the
mixing parameters x and y are constrained to (0.371+£0.158) x 10~2 and (0.656+0.080) x 1072
[47] as well as a fit without mixing and thus fitting R(t) = r*. The plot is taken from Ref. [46].

The new observable, 3/, is the result of rotating y in the z-y plane by an unknown
angle 0. Furthermore, 5 cannot be extracted from a fit of R(¢) as only the combined
product R,y can be extracted alongside values for r and z* + y*. Figure 2.8 shows
the result of a fit to the LHCD data that reveals a clear dependence of the ratio R(t)
on the decay time, and good agreement with the obtained curves for a fit constrained
to the world average values for x and y. A fit of a constant, implying no mixing,
does not agree with the data at a significance of 8.10. This constitutes both the

first observation of D° meson oscillation in D° — K7 7"

7~ decays and, more
importantly, the first single-measurement observation of such a process in a channel

other than D° — K7™,

2.3.4 Model-dependent measurements in D’ K'n ntn™

In the previous section, the model-independent approach showed that an additional
term is introduced due to taking the average across the phase-space: the coherence
factor R,. Due to this factor, parameters for the mixing (or their rotated versions '
and y') cannot be determined from the terms linear in decay time as an ambiguity
exists between R, and y'. The behaviour of R(t) is dominated by the linear contri-
butions which, in turn, would contribute most to constrain the uncertainty on the
extracted mixing parameters. Following a model-dependent approach, which will be

discussed in the following, this can be partly remedied.

38



2.3 Mixing of neutral mesons 2 The giants’ shoulders

In a model-dependent approach, instead of extracting parameters representing phase-
space averaged quantities, amplitude models for both Cabibbo-favoured Acp(®,,)
and doubly Cabibbo-suppressed Apcs(®P,,) amplitudes are used. In the case of the
decays discussed here, these models are five-dimensional complex descriptions that
can be constructed in various ways highlighted in the following section, while here one
can simply assume their existence. Having these models one has access to the phase-
difference and its variation across the phase-space, and can thus deduce the strong
phase-space difference at every point. However, one caveat born due to practical
reasons exists: as the amplitude for the favoured decay is usually constrained by a
sample of favoured decays using Equation (2.39), its overall phase is arbitrary as it
vanishes when squaring the amplitude. Nonetheless, this lack of knowledge can be
incorporated into the phase of the interference term where Equation (2.41) is now
modified:

—arg([] a0, = 5@ <6 -0, (2.45)

where §'(®,,) describes the phase motion across the phase-space and is known from
the amplitude models while §, is an unknown offset identical for all phase-space
points. Going back to Equation (2.40) and substituting this modified phase (for

simplicity here, again no CP violation is assumed) yields:

|Aws(t, ®,)> = e |[Apcs(@,)]?

y2+$2

4
2

2
v —x
+ [Apes (@) x 1 (I't)?

— |Apcs(®,)||Acr(®,) Tt

+ | Acp(@,)]” x (I't)”

x {ycos(8'(®,,) + 0g) — zsin(8'(®,) + ) }| . (2.49)
By expanding the sine and cosine, this becomes

|Aws(t, ®,)> = e |[Apcs (@,)]?

y2+x

4

2 2
Yy —T

2

+ | Acr(®,)]” % (Tt)*

+ [Apes (@) x (I't)?

— |Apcs(®,)||Acr(®,) [Tt
x ({y cos(dy) — xsin(dy)} cos(8'(P,))—

— {z cos(p) + ysin(dp) } sin(8'(®,,))) | - (2.50)
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This shows that the constant global strong phase difference d, acts like a rotation of

x and y in the linear term of the equation. The obvious substitution is given by;

y" = ycos(dy) — xsin(dy) and (2.51)
x cos(dg) + ysin(dg) , (2.52)

where three primes are deliberately chosen as these variables differ due to the
unknown phase from other measurements listed in Ref. [47]. In order to fully
absorb the unknown phase into a redefinition of the mixing parameters, the term
proportional to y* — 22 needs to be negligible as it is, unlike 2% + %, not invariant
under a rotation of x and y. In the model-independent approach, it was argued
that the corresponding term can be neglected because the phase-space-averaged
doubly-Cabibbo-suppressed amplitude is very small compared to the favoured one.
However, in the model-dependent approach it is not a priori clear that this holds
true for all regions of phase-space as it is imaginable to find an area in phase-space
for which the two amplitudes are much closer. This needs to be checked with the
actual models being used in an analysis and depends on the achievable experimental
precision as well. Nonetheless, for the sake of the argument here, the term is neglected

and the final relation is obtained:

[Aws(t,@,)> = e || Apes (@) [

~ N y///2 + l’”/2

— |Apcs(®,)]|Acr(®,) Tt

(t)”

x {y" cos(&8'(®,,)) — 2" sin(8'(®,,)) }| - (2.53)

No coherence factor was introduced and the rotated x and y parameters can be
directly extracted in a fit. While the unknown rotation leads, in fact, only to an
estimate of 22 + %, which can also be obtained in a model-independent approach, it
is now constrained in the linear part of the relation, which will result in substantially

stronger constraints on the uncertainty of the extracted parameter.

Turning the argument around, in the limit of the approximation discussed, the
unknown global phase difference cannot be constrained by the fit itself as any
arbitrarily added additional phase can always be absorbed in a redefinition of x and
y thus leading to an ambiguity, which would prevent a convergence of any likelihood
fit. Finally, it is worthwhile to consider what would happen if the approximations
are not appropriate anymore and neglected cubic contributions of the expansion
of Equation (2.37) become relevant. In this case, ¢, cannot be absorbed into a

redefinition of x and y and thus the ambiguity vanishes and a likelihood fit can
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extract values for x, y and Jy at the same time. In the following, estimates are
provided for how many WS events are required to be sensitive to the omitted terms

in the expansion of |Ayg(t, @,)[>.

2.3.5 The breakdown of the approximations

To obtain an estimate for the number of WS events necessary and to illustrate at which
statistics the different terms become relevant, a simplified calculation is performed.
In this calculation, |Acp(®,)| = 1, |Apcs(®,)| = 1/4/300 and &' (®,,) = 7/2 are
assumed and the values for 2’ and 3" are fixed to the world average values for z
and y as presented in the next section. These values are chosen to approximate the
actual difference in magnitude between the two amplitudes while the phase-space
dependence is removed to simplify the following calculations. Distributions for
different hypotheses are then constructed, where the null hypothesis is obtained by
normalising Equation (2.53), and alternative hypotheses are constructed by adding

the terms omitted in the expansion, namely the suppressed term,

"2 "2
— X

[Apos(@a)]? x 2 (Tt)?, (2.54)

4

and the term given by the expansion to the third order in I'¢,

3

| Apes(®,)]| Agp (®,)] ¥ {y”’3 cos(8'(@,)) + 2" sin(6(®,,)) }(Fé) . (255)
The linear approximation, where the term proportional to [Acg(®,,)|?(I't)? is removed,
is also studied for comparison. To study how many events are necessary to statistically
separate the different hypotheses and which region in I't is most sensitive, the
hypotheses are integrated in I't from a starting value (I't), to infinity, yielding the
expected fraction of the total number of events N under the null hypothesis (fy) and
one of the alternatives (f’) for which I't > (I't)y. For each value of (T't),, Poisson
statistics is used to define the minimal N at which the expectation value under that
alternative hypothesis, N f’, does not lie within the central 68% interval of a Poisson
distribution with a mean of N f;. Figure 2.9 depicts the obtained N as a function
of (I't)y for the different alternative hypotheses. Generally, a similar trend is seen
for all three different hypotheses, with a minimum around five life times and an
exponential increase towards higher life times. This exponential increase is due to the
overall exp(—I't) factor that overwhelms the increase in relative difference between
the null and alternative hypotheses at larger life times. Concerning the actual
numbers required, a drastically different picture is seen for different terms explored.
The term proportional to |Acg(®,,)|(I't)?, which is not omitted in Equation (2.53),
becomes statistically significant at around 10* WS events. This is a number already

seen in the model-independent measurement discussed in Section 2.3.3 and thus
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Fig. 2.9: lllustration of the number of events necessary to statistically separate the used mixing
approximation (given in Equation (2.53)) from versions where higher order terms are included.
For reference, a comparison to the linear expansion, obtained by omitting the term proportional
to |Acg(®,)|?(I't)?, is also given. A minimal value for (I't)q is chosen as 0.001 as the problem
diverges when (I't)q approaches zero.

its inclusion is not only justified but necessary. In contrast, the next two terms in
the expansion become statistically significant at around 10* ~ 10" events. This is
several magnitudes beyond the currently available data and thus any higher order

terms are completely negligible.

2.3.6 The current world averages

The Heavy Flavor Averaging Group (HFLAV) [47] calculates world averages for a
variety of properties in flavour physics each combining as many experimental results
as possible. The current world averages [47] for the mixing parameters in the neutral

charm meson system are:

z = (0.46 + 0.15)% and (2.56)
y = (0.62 4+ 0.08)% . (2.57)

These averages have been obtained in a global fit of 31 individual measurements
under the assumption of no CP violation. A visualisation of the two-dimensional
contour on these averages is given in Figure 2.10. Unlike for y, the current world

average values for x are not significantly different from zero.
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Fig. 2.10: Visualisation of the two-dimensional contour of the world averages on the D° mixing
parameters x and y. Figure taken from Ref. [47]. 31 individual measurements of charm mixing
parameters are used for this average.

2.4 The decay amplitude — An isobar model

In the previous section on the backdrop of model-dependent mixing measurements,
the general concept of an amplitude model was introduced as a prerequisite for those
measurements. This section will discuss the widely used isobar approach [48] to
construct amplitude models for D' K 7trn atand D= K n nln™ decays,
focusing on the specific treatment of these two decays where necessary instead
of giving a general introduction to amplitude modelling. While experimentally
successfully practiced, the isobar model suffers from theoretical insufficiencies as well

as experimental shortcomings whose discussion concludes this section.

An amplitude model A(®,,) gives a complex number as a function of the position in
phase-space. Unlike two-body decays, which have a trivial decay structure, three-
and four-body decays can have different, interfering resonances to the decay and the

total amplitude is given as

where the coefficients ¢; are complex numbers typically extracted from fits to data and
A, is the individual resonance. In the isobar approach one assumes that the decay and

all its resonances can be approximated as a series of independent two-body decays.
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Fig. 2.11: Possible arrangement of quasi two-body decays in a four-body D° decay. Direct
decay into two resonances (left) and cascading decay (right).

Two pathways are illustrated in Figure 2.11: the decay can occur via two independent
resonances (e.g. D’ = R, (—> K+7T_)R2 (—> 7r+7r_)) or in a cascade where the second
resonance is the first one’s decay product (e.g. D — Ry (—> KR, [—> 7r+7r7] )7r7).
To illustrate how the amplitudes A; are constructed, the decay via K™(892) and
p(770) is used as an example. In this case, the resonant amplitude is constructed as:

Ai=—[F(K mintmy) - S(K ayatny ) - L(K ) - £ (7' )

Sl

.F(K+7T2_7T+7T1_) : S(K+7r1_7r+7r2_) : £<K+7r2_) : E'(ﬂ+7rl_)] . (2.59)

where the amplitude is symmetric under the exchange of the indistinguishable pions
with the same electric charge. Equation (2.59) is comprised of three different terms,
a form factor F, a spin factor S and the lineshape £ describing the propagator for
the specific resonance. Lastly, due to the different form factors, different orbital

angular momenta for the same decay are treated as individual amplitudes A;.

2.4.1 Form factor F

The form factor F for the D° decay is given by the Blatt-Weisskopf centrifugal
barrier factors By (q) [49, 50] that are given in Table 2.1. They are functions of the
meson radius d ~ 1fm ~ 5GeV ™! and the momentum transfer

moomy A+ my | (my — my)?

2
— 2.60
q (ma my, m2) 4 9 + Am ) ( )

where m, m; and my are the reconstructed masses of the particle and its decay
products. The D’isa spin-less meson and thus the total angular momentum of the
decay must always be J = 0. To allow for resonances R; and Ry carrying spin, this
implies an angular momentum different from zero to ensure conservation of the total
angular momentum. However, experimental observations show that in decays where
the available momentum is small, the decay products have difficulties generating
sufficient angular momentum, resulting in a suppression of such contributions. The

form factors F in Equation (2.59) only incorporate this suppression for the decay
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Tab. 2.1: Blatt-Weisskopf barrier factors [49, 50]. The meson radius d and breakup momentum
q are explained in the text.

L Br(q) Br(q,q0)

0 1 1

1 2¢°d’ ad
1+¢°d* 1+q¢°d?

9 13¢d"* (god”>—3)*+9q5d”
(q2d2—3)2+9q2d2 (q2d2—3)2+9q2d2

of the D°, D° — R R, or D° — aR;, while the corresponding form factors for the

decays of the intermediate resonances are part of the lineshapes discussed later.

Table 2.1 also gives a modified version of Ball-Weisskopf factors B/L(q, qo), which
are later used in the definition of certain lineshapes. The additional parameter is
defined as qg = q2(m0, my, my) where myg is the pole mass of the decaying particle

Oor resonance.

2.4.2 Spin factor S

As stated before, the spin-less D° implies that the total angular momentum of the
entire decay needs to be zero, coupling the intrinsic spin of the different possible
resonances to the angular momentum between decay products. This is responsible
for the observable distributions of angular variables between the final state particles.
These constraints are included in the amplitude A; by so-called spin factors S
which are formulated in the covariant spin tensor formalism [51-55]. Due to the
aforementioned suppression of high angular momentum configurations, this requires
the derivation of spin-1 and spin-2 tensor representations with the corresponding
projection operators in order to construct the spin factors. This section aims to give

a summary of the necessary spin formalism and is based on Ref. [56].
Spin-1 particles

The first step requires the construction of an explicit basis for the spin states |1m)

with m € [—1,0, 1] which fulfills the usual normalisation constraints:

(1m/|1m) = 6,,,, and > [Im)(lm|=1. (2.61)
These are fulfilled by the three-dimensional polarisation vectors:

1
and |1—1>:% —i| . (2.62)

1
1
W =——il|, o=
i) =——|i]. o

= o O
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These refer to the spin measured with the particle at rest. Expressing the states in
the momentum space hence implies that the resulting four-momentum cannot have

a time component:
e'(m) = {0, [1m)} . (2.63)

This object now behaves just like a normal four-vector and applying a Lorentz boost

L(p) allows access to the covariant spin bases for states with momentum p),
e(p,m) = Ly (p)e” (m) . (2.64)

Following on from this, some useful relations are

pleu(p,m) =0, (2.65)
e, (0, m")e! (pym) = =6, (2.66)
PL) =" e (#m)es(p,m) =7,, , and (2.67)
_ Puby
g/u/ = —Yuv + # ) (268)

where M is the mass of the particle with momentum p'and g, the Minkowski metric
with negative spatial components. Pls,lj) is the spin-1 projection operator, which
transforms any four-vector z* into z,, which is orthogonal to p*.

Spin-2 particles

Covariant representations for spin-2 states are constructed in a similar way as above.
As the states |2m) with m € [-2,—1,0,1, 2] require a five-dimensional space, the
association with known covariant objects is not as straightforward. Instead, the
covariant representation of the spin state with momentum p’is given by combining

the two spin-1 states into a rank-2 tensor (a matrix in Minkowski space),

e (D, 2m) = Z (Lmylma|2m)e, (P, m1)e, (B, m2) - (2.69)

mymsy

Here, the individual e, and e, are defined as above and the first terms in each
element of the sum are the Clebsch-Gordan coefficients. As a rank-2 tensor has, in
principle, sixteen degrees of freedom, additional constraints are required to reduce
this to five degrees of freedom. These constraints are not unlike those for spin-1 and

are given by the Rarita-Schwinger conditions for integral spin tensors:
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9" e (P,2m) =0 . (2.72)

Equation (2.70) implies that the rank-2 tensors are orthogonal to the four-momentum,
a consequence of the spin-1 states having no time component in the rest frame, while
Equations (2.71) and (2.72) demand that the e, is symmetric and traceless. Analog

to the spin-1 case, a projection operator is defined as

2 - * /o
P, =" e (B 2m)ess(5,2m) (2.73)
1, _ o 1. _
= E(guagl/,ﬁ’ + guﬁgua) - gguuga,ﬁ ) (274)

Orbital angular momentum tensor

After constructing the spin component of S, a second contribution comes in due
to the orbital angular momentum L between the two decay products in each decay.
Assuming the two decay products have the four-momenta p, and p,, one defines
their sum and difference as py, = (p, + pp) and qu = (P, — Pp) and uses ¢y to form

a rank-L tensor:

L vy Vs v
Qt(zb) = qabqab"'qag : (275)

Making use of the observation above that applying the projection operators for
rank-L tensors yield a spin-L state where the implicitly enforced Rarita-Schwinger
conditions reduce the dimensionality of the tensor to 2L + 1, an orbital angular
momentum state is constructed as:
L _ L p(L L)
L,ELlLQ...,uL - <_1) PL(Ll;?L2...}LLV1V2...Z/L(pab)Qab . (276)

As this relation is rather cumbersome, the relevant tensors for the remainder of this

section are given by:

L(O)(pabaQab) =1, (277)
L (pa, @) = —Pi) (D) 22 (2.78)
L,ELQI/ (paba Qab) = Péiixﬁ(pab)ngng ) (279)

Construction of spin factors S

The relations given in Equations (2.67), (2.74) and (2.77) to (2.79) can now be used
to construct the spin factors entering in Equation (2.59). One factor is derived for
each of the quasi two-body decays and the final factor is obtained as a product of

these individual terms. Additionally, the sum is taken over all possible values for

47



2 The giants’ shoulders 2.4 The decay amplitude — An isobar model

the internal spins of the resonances appearing in the decay. Unlike the initial state
particle (the D°) and the final state particles (one K= and three 7=) that are all
pseudoscalar particles with spin-0 and parity -1, the resonances R; and R, with
spins S and S, might not be. Looking at a general two-body decay, D — ab, the D
has a given initial spin and, as a one-particle system, no orbital angular momentum.

However, the final state system can take any value for the spin constrained by
|Sa - Sb| < Sab < Sa + Sb ) (280)

and thus introducing orbital angular momentum to preserve the total angular
momentum given by the spin of the D. Additionally, possible values for the angular
momentum L,, and thus for the spin S, might arise depending on the specific
process: electromagnetic and strong decays preserve the parity and thus add an

additional constraint

np = nam(—1)" | (2.81)

where 7p/q/ is the intrinsic parity of the involved particles. Depending on the
specific particles involved in the decay, this results in strong and electromagnetic
decays being restricted to either even or odd values of L,. As stated above, the
different L, configurations are treated as individual amplitudes contributing to the

overall decay.

In the following, the spin factors S are constructed for the same example previously
used, where the D” decays weakly into two resonances, K*(892) and p(770), which
then decay strongly to K7~ and 777~ . Both resonances are vector particles with
spin-1 and negative parity. The derivation of the factors follows a similar description
as presented in Ref. [57]. As a first step, the factor for the D — K*(892)p(770)
decay is computed. Following Equation (2.80) and keeping in mind that parity
does not need to be conserved in weak decays, the overall spin of the K™(892)p(770)
system can be in three different configurations with Sg+, € [0,1,2]. This results
in three possible configurations for the orbital angular momentum: Ly-, =0 (the
S-wave), L+, =1 (the P-wave) and Ly-, = 2 (the D-wave). For the S-wave, the

transition probability is obtained as
(K*p, S =0,L=0[Mg|D°) = I(D°)e,,(K")e"(p) , (2.82)

where Mg is a general transition operator encapsulating the spin component of the
total matrix element governing the decay, I (DO) — 1 is the representation of the D°
spin state and only given here for completeness but omitted in the following, and
the remaining terms give the spin-1 states for decay products. For readability, the

dependence on the momentum p and minor spin number m is not explicitly stated.
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Furthermore, the complex conjugate indicates that the respective particles are the
product of the decay. The P-wave takes a similar form where an L =1 state, L),

is contracted with a spin-1 state Al(‘l):

(K*p,1,1|Mg|D°) = L), (D") A (2.83)

1 -
The spin-1 state, A?l), is constructed by coupling the two individual spin-1 states
and using the projection operator to project out the component perpendicular to
the momentum vector of the D° and hence into the same subspace as the orbital
angular momentum state. The state is then given by
0\ * kN ok A 0

Alé) = P(% (D )e “(K7)e B(ﬂ)guaﬁ)\p (D ) ; (2.84)
where €, is the totally antisymmetric Levi-Cevita symbol. The addition of the
rank-3 tensor €,,3 Ap)‘ is necessary to obtain a rank-1 representation consistent with

a spin-1 state [51]. Substituting this back into the expression yields
(K*p,1,1|Ms|D°%) = Ly (D°) e (K*)e™ (p)eyapp™ (D) (2.85)

with the simplification Ly, (DO) P(’g (DO) = Ly (DO) as the angular momentum
state is already, by construction, perpendicular to the direction of the momentum

vector. Lastly, the D-wave component is constructed in a similar way, leading to
(K*p,2,2|Mg| D% = Lz, (D°)e™(K*)e™ (p) (2.86)

where the projection operator that projects the combination of spin-1 states is omitted

for the same reason as above.

The next step involves the construction of the terms for the subsequent decays of

the resonances to the pseudoscalars. In the case of this example, these decays must
proceed as P-wave leading to:

(K77 ,1,0|Mg| K*) = ee(K*) Lt (K*) and (2.87)

(* 7, 1,0|Mg|p) = ec(p) Ly, (p) - (2.88)

The final spin factor is then obtained as a product of the individual terms derived

above and is written as:

Siep= D K (pec(K) Ly (K )ec(p) Ly () (2:89)

m.x,m,
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Tab. 2.2: Spin factors S necessary for the construction of a decay model. All considered
quasi two-body combinations of the decay D% — P; P, P3P, are considered where the particle
names P, V, A and T correspond to a pseudoscalar, vector, axialvector and tensor particle,
respectively. Unless otherwise indicated, the decays proceed as S-wave.

# Decay Topology Spin Factor

L D% = Vi (P Py)Va(PyPy) L{y (Vi) Liayu(Va)

2 D’ = [Vi(PLP)Vo(PsPy))7 e L?l)(DO) €afrs pEDO Lfl)(vl) L(l)(vz)
3 D’ — [Vi(PLPy)Va(P3Py)) P L2yu(D°) Lty (V1) Ly (Va)

4 D = V(P Py)S(PsPy) Lé‘l)(DO) L(l)M(V)

5 D= P P(PV(P;3P,)) L{y (P) Layu(V)

6 D" — PP(P,S(PyPy)) 1

7 D’ = PIA(BV(PsFy)) LYy (D°) Py (A) Ly (V)

8 D’ — PLA[RV (PyPy]P ") Lﬁ)(DO) Loy (A) Ly (V)

9 D" — PA(RS(P3F,)) LYy (D°) Layu(A)

10 D° = PT(PR,V(P3Py)) L (D) €apns 2°(T) Ly, (T) PY(T) Lty,(V)

Rearranging the terms allows a significant simplification of the equation:

Spep = | D (K ee(K™) | Ly (K7) | Y e (p)e (0) | Laaye(p) - (2.90)

mK* mp

As can be seen, the terms in the rectangular braces are the projections as defined
in Equation (2.67) and can be omitted because, as before, the angular momentum
states are already projected by construction. This leads to the simple relation:
S
Sy, = Loy (K” )Lé)( ) . (2.91)
Using the same simplifications, the corresponding factors for the remaining orbital

angular momentum configurations become:

Skp = Ly (D)eapsppo Ly (p) Ly (K™) and (2.92)
Sirp = Ly (D) L{y) (K*) LY () - (2.93)

This concludes the construction of the three different spin factors for the decay via a
K™ (892) and p(770), one for each orbital angular momentum configuration, resulting
in three different amplitudes. Following the same procedure as above, spin factors
are derived for all other decay paths, which are considered in the construction of an

amplitude model and given in Table 2.2.
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2.4.3 Lineshapes L

The final term missing in Equation (2.59) are the lineshapes £. They describe the
magnitude and phase of the different intermediate resonances. Several different

choices are available and an overview is given in the following.

Relativistic Breit-Wigner
The most commonly used lineshape is the relativistic Breit-Wigner propagator given
by:

B1.(q, o)
mg — s — imgl(s,q)

L(s,q) = (2.94)
where s is the square of the measured mass of the resonance, my is the pole mass of
the resonance, and B}, ¢ and ¢, are defined as in Section 2.4.1. For the resonances,
a smaller meson radius of d ~ 0.3fm ~ 1.5 GeV ' is used. Furthermore, the running

decay width is :

_ FoquBL(q)2
90v/3BL(q0)’

This shape is used as the default for most of the resonances considered and generally

I'(s,q) (2.95)

models isolated, narrow resonances well.

LASS - the K7 S-wave

The K7 S-wave (e.g. K3(1430) — K'n7) gives a contribution too broad to be
correctly modelled by a Breit-Wigner lineshape due to shortcomings in the isobar
approach that are detailed in Section 2.4.4. Therefore, a sum of a non-resonant and
an inelastic Breit-Wigner term, tuned using data from a K~ p—K ™ 7"n scattering
experiment [58], is used:

\/s o255 mol'(s)

Lea) = 1(s) cot(0) —iq(s) s —mg—imel(s)

(2.96)

where ¢ is defined in Equation (2.60). The phase dp is mass dependent and parame-

terised as:

cot(dp) = (2.97)
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The scattering length a and effective range r are free parameters that are determined
from fits to the scattering dataset [58]:

a = (2.07+0.10) GeV | (2.98)
r=(3.3240.34) GeV . (2.99)

Bugg — the n7 S-wave

Similar to the LASS parameterisation for the S-wave K7 decays, the Bugg parametri-
")

sation [59] is used for 77 S-wave (e.g. fo(600) — 7~ 7). It is based on a Breit-Wigner

lineshape but takes into account contributions to the decay from multiple channels,

namely 7w, KK, nn, and 47, resulting in a description given by,

r
L(s,q) =— 0 1(s) , , (2.100)
my — 85— 91m3_§A2(3) — imol o (s)
with a total width described as the sum over the individual channels:
4
Tior(s) = Ty(s) , (2.101)
i=0
where the different I'; are given, in the same order as above, by:
s—s
mol'y(s) = g%Q—Apl(S) ) (2.102)
mgog— 3584
2
mol'a(s) = 0-69%(3) (5/m(2)) e ol pa(s) , (2.103)
mol's(s) = 0.2g3(s) (s/md) e~ =4 pa(s) | (2.104)
m0F4(S) = mrg47rp47r(5>/:047r(m72") : (2105>
The remaining substitutions are:
gt = myg (by + bys) e~ (s=m)/A , (2.106)
2(s) = ji(s) — jr(mg) , (2.107)
: 1 L—p
=—[2+4p 1o , 2.108
h= 124 lonr 2] (2.108)
pam = 1.0/ (1 + " 0272845%) (2.109)
4m? ,
pi(s) =1/1— , t=m K,n. (2.110)
s

This leaves the free parameters mg, gsr Sa, @, by, by and A, which have been
determined using BES III data [59] and are listed in Table 2.3.
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Tab. 2.3: Free parameters of the Bugg parametrization as given in [59].

mg Gar 54 « by by A
[GeV] [GeV] [GeV] [GeV] [GeV?] [GeV?] [GeV?
Value  0.953 0.011 0.41m> 1.3 1.302 0.340  2.426

Parameter

2.4.4 Shortcomings and future developments

While the isobar model is almost exclusively used in analyses that construct amplitude
models to describe multi-body decays, it suffers from several experimental and
theoretical drawbacks that need to be addressed. Concerning the experimental side,
isobar models typically have many parameters that need to be determined from fits
to data, leading to many floating parameters, usually resulting in instabilities in
the fits. Furthermore, there tend to be ambiguities when it comes to the question
about which resonances to include as different combinations often lead to the same

fit quality.

The fundamental theoretical assumption of the isobar model is the independence of
the individual two-body decays, which do not interact with each other. However,
Figure 2.12 shows possible extensions where the final state particles are coupled
again. Ignoring these additional contributions can lead to rather large inaccuracies
of the extracted phase, which can have important consequences in the search for CP
violation as it can affect the phase in Equation (2.15) [60]. This effect is enhanced
by the use of Breit-Wigner propagators, which are only a good approximation if the
resonances have narrow widths and are isolated such that their tails do not overlap.
If there are multiple amplitudes close in phase-space or amplitudes that are very
wide such that significant interference occurs, a region where the rescattering is
likely, the obtained isobar amplitudes violate the unitarity of the overall scattering
matrix [60, 61]. Using the isobar approach in such cases typically leads to fit fractions
F;, which are defined as

A (D,,)|dP
o JleA@,)lde,

I e 4(@,)]de, (2.111)

to sum up to something far away from one. This indicates large contributions due
to interference and the violation of the unitarity. As discussed before, data-driven
alternatives exist, which can be used instead of Breit-Wigner lineshapes to address
wide resonances such as the 777~ S-wave. Lastly, due to treating the decay as
independent two-body resonances it is not a priori clear which resonances to include,
especially in the case of very large datasets. Usually, many different amplitude models

lead to identical fit qualities (but potentially different behaviour in the phases) and a
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Fig. 2.12: lllustration of rescattering effects in a three-body decay of a meson M*. In the
isobar approach, only the leftmost contribution is considered. lllustration taken from Ref. [60].

large number of free parameters. Several alternatives to the classic isobar approach
have been developed [62, 63] that respect the unitarity and incorporate rescattering
effects into the amplitudes. In comparisons to data a good agreement of these new
models is observed, which often have fewer free parameters than comparable isobar
models. However, theoretical work to build such models for charm decays has been
focused on D° — K, S 7 m~ decays and transferring the results to four-body decays
is not trivial. To the best of the author’s knowledge, none of these new models is
F ot

currently applied to D° — K*r 7T decays at the time of writing this thesis and

hence they are not discussed further.
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The measurements presented in this thesis use data recorded by the LHCb detector
at the Large Hadron Collider and hence this chapter describes both the accelerator
and the detector. It goes without saying that giving a full account of all the technical
details for both machines extends well beyond the scope of this thesis. Therefore, only
a concise description focusing on the parts relevant for the presented measurements is
given. Furthermore, the simulation, which is also part of the experimental conditions,

is described in more detail in Chapter 4 to acknowledge its central role in my research.

3.1 The Large Hadron Collider

The LHC [65] is located at the CERN research centre close to Geneva under the
Franco-Swiss border. With a circumference of 27 km, it is the largest machine and
the most powerful particle accelerator in terms of centre-of-mass energy between
the accelerated particles ever built by humankind. It was originally designed to
accelerate protons to an energy of 7TeV resulting in collisions at a centre-of-mass
energy of 14 TeV but was first operated in 2010 and 2011 at 3.5 TeV beam energy
followed by a data taking period at a collision energy of 8 TeV until early 2013. After
an upgrade phase, the LHC restarted its operation in 2015 with a new data-taking
period (commonly referred to as Run 2) at a centre-of-mass energy of 13 TeV. The
LHC is also able to accelerate lead ions in order to study the physics in proton-lead
and lead-lead collisions; however this mode is not addressed in this analysis and thus
not discussed in further detail. Nonetheless, in preparation for a short proton-lead
data taking period at the end of 2015, three days of pp collisions at a centre-of-mass
energy of 5TeV were recorded, providing a new data-point to study the evolution of

production cross-sections with the centre-of-mass energy.
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Fig. 3.1: Overview of the CERN accelerator complex [64].

The protons are extracted from a hydrogen source after stripping off the electrons
and are then bunched together. Before those protons are injected into the LHC,
they pass through a chain of accelerators [66], which is depicted in Figure 3.1. The
first accelerator, Linac 2, accelerates the protons to an energy of 50 MeV. These
protons are then injected into the Proton Synchrotron Booster that raises the energy
to 1.4 GeV, followed by the Proton Synchrotron, which increases it up to 25 GeV.
Upon injection into the main LHC ring, the protons have an energy of 450 GeV after
passing the Super Proton Synchrotron. In the main ring, they are further accelerated
until they reach their nominal energy. The entire acceleration process takes about 20
minutes; however once the protons reach their nominal energy, they can be stored in
the main ring for several hours while the experiments located at the LHC take data.
The actual acceleration of the protons is done by using electromagnetic fields within
a high-vacuum beam pipe. Since time-constant fields cannot reach gradients that
are large enough, radio-frequency cavities creating a time-oscillating field are used.
Therefore, particles are present in bunches of ~ 10" protons whose revolution
frequency of 11.246 kHz is synchronised with the frequency of the electric field such
that they pass the cavities during an acceleration phase. Because both beams consist
of positively charged particles, they are kept in separate beam pipes which only
intersect at the interaction points where the different experiments are located. Up
to 2800 bunches are present in the accelerator, which corresponds to the minimal
possible spacing between successive bunches, achieving a bunch crossing rate at the
interaction points of about 30 MHz. During Run 1 and the first bit of the 13 TeV
data-taking period (the one used for the cross-section measurement presented in this

thesis), bunch crossings were separated by 50ns. In the remaining part of Run 2,
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including the 5TeV data, this separation was reduced to 25ns, which introduces
an effect called spillover where the electronic signals created in the detector, as a
result of a pp collision, can spill into the previous event due to pulse shapes in the

electronics that are longer than 25 ns.

Superconducting dipole magnets with fields up to 8 T are used to keep the protons
in a circular orbit. In addition, quadrupole magnets are employed to focus the beam
in the plane transverse to the beam direction. Focusing the beam at the interaction
point increases the probability for proton-proton interactions to occur. Additionally,
sextupole magnets are used to correct the dispersion effects due to different bending

and focusing of particles that have slightly different momenta [67].

Besides the centre-of-mass energy, the luminosity is another important quantity that
characterises the collider. It can be calculated from the beam parameters of the

collider:

L:

1 NN, fN, { 1 }

2
47 00y cm”s

where N; and Ny are the number of particles in the colliding bunches, f is the
revolution frequency of 11.246kHz and N, is the number of bunches. ¢, and o,
describe the beam profile in the transverse plane under the assumption of a Gaussian
shape. This instantaneous luminosity relates the rate of events N to the cross-section

o of a certain process:

N = Lo .

Besides the LHCDb experiment, which focuses on flavour physics in the forward region,
the LHC provides particle collisions for three additional major experiments. The
ATLAS [68] and CMS [69] experiments use multi-purpose detectors to investigate
the physics in the central region with an almost 47 coverage around the interaction
point. Lastly, the ALICE [70] experiment studies the collisions of heavy ions, in

which it searches especially for quark-gluon plasma.

3.2 The LHCb experiment

The LHCD detector [71] is located at interaction point 8 of the LHC. Unlike the two
largest experiments, ATLAS and CMS, which focus on a broad physics programme,
especially the direct search for physics beyond the standard model, the LHCb
experiment was designed to focus on just one specialised area of particle physics in
which it outperforms all other experiments located at the LHC. The goal is to study
the area of flavour physics, which, broadly speaking, is the study of the production
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and transistions of beauty and charm quarks by measuring the properties and decays
of the hadrons that contain them. LHCDb is the first dedicated experiment for this
area operating at a hadron collider. While previous experiments have been situated at
eTe” colliders and benefited from their clean experimental conditions, the production
of heavy flavour hadrons in pp collisions has substantially higher cross-sections and
hence a very large dataset can be recorded. This large dataset, which is expected
to increase manifold in the future, has already been used to measure decays that
had not previously been observed, and to achieve the most precise measurements of
heavy flavour properties to date. Just to name a few examples, LHCb was first to
observe mixing of neutral charm mesons (D" <+ D°) [45] in a single measurement
as well as bound states formed by more than three quarks [14, 15]. LHCb also
contributed important milestones to the study of matter-antimatter differences by
performing the first measurement of such differences in baryons [72]. Furthermore,
many measurements have been performed to test the precise SM predictions for
rare decays of beauty and charm mesons [73, 74], some of which show consistent
tensions with those predictions when comparing branching fractions with different
leptons in the final state [75, 76]. While flavour physics in pp collisions is the core of
LHCDb’s physics program, it extends beyond this by analysing the physics in heavy
ion or minimum bias collisions, contributing results in a unique kinematical region.
In the following, the unique design requirements for the LHCb detector, enabling
measurements such as those mentioned above, are going to be discussed before the

actual detector implementing these requirements is presented.

3.2.1 The design requirements

Section 2.2 already discussed the parton distribution functions for the different
partons in a proton and showed the large dominance of the gluon component for
small momentum fractions. As a result, only a small fraction of the centre-of-mass
energy of pp collisions is required to produce the ¢g pairs of interest — ¢¢ and bb —
via the fusion of two gluons as depicted in Figure 3.2a. However, due to the steeply
rising gluon PDF towards low z, it is much more likely for this collision to occur
when one of the participating gluons has a tiny momentum fraction, resulting in a
highly boosted system. This is illustrated in Figure 3.2b, where the quarks are highly
collimated along the beam pipe in the forward or backward region. The polar angle

0 with respect to the direction of beam is commonly expressed as the pseudorapidity

—_ o

where the region of maximal ¢g production corresponds to 2 < |n| < 5. A detector
focusing on flavour physics needs to instrument this region to maximise the amount

of data recorded.

o8



3.2 The LHCb experiment 3 Experimental Setup

LHCb MC
Vs =8 TeV

9 q
0
0, [rad] ™2
2
6, [rad]
9 q
(a) gg production via gg fusion (b) bb production distribution

Fig. 3.2: Diagram for quark pair production via gluon-gluon fusion (a), and a simulation of the
angular distribution of bb production at the LHC at /s = 8 TeV (b). The area in red marks
the acceptance of the LHCb detector.

The large boost of the ¢g system produced leads to a substantial time dilation
experienced by the produced particles with respect to the lab frame. Typical
lifetimes for charm and beauty hadrons are O(0.1 — 1ps) [77], resulting in several
millimetres of flight distance in the lab frame before they decay. A sufficiently precise
detector can identify that their decay products form a separate vertex that is not
compatible with the primary vertex of the pp interaction. This allows a measurement
of the flight distance, which is crucial in many heavy flavour measurements: the
displacement from the primary vertex is a very effective tool in reducing backgrounds
in the measurement, and with knowledge of the hadron’s four-momentum, the decay-
time can be calculated, which is an important observable in the analysis presented
in Chapter 6. Furthermore, precise tracking and vertexing enables the measurement
of a track’s impact parameter (IP), defined as the minimum distance of the track to
a primary vertex as illustrated in Figure 3.3. Large impact parameters indicate that
a particle did not originate in the primary vertex, allowing to distinguish particles
produced promptly in the primary vertex from those produced in the decay of heavy,

long-lived particles.

The detector must be able to reconstruct the four-momenta of all decay products to
infer the charm or beauty hadron’s four-momentum. The momentum component
of charged particles is estimated by measuring their bending in a known magnetic
field, using the excellent tracking system already required for locating vertices with

additional tracking systems before and after the magnet. Estimating the missing
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Fig. 3.3: Definition of the impact parameter variable, which gives the closest approach of a
track with respect to a vertex, typically the primary vertex.

component — mass or energy — is more difficult. In principle, calorimeter systems
can be used, which can associate an energy to a track, however; the measured
energy in a calorimeter tends to have a large uncertainty, too large for the physics
goals of LHCD. Instead, different hypotheses on the identity of a measured track
are formed and the corresponding known masses are assigned. In order to assign
probabilities to the different hypotheses on a track by track basis, a dedicated particle
identification (PID) component is necessary. Such a system also helps to avoid the
mis-identification of decays, especially in cases where the decay of interest has a
smaller branching fraction than similar decays which might be mis-identified. An

T4~ mass in a measurement

example is shown in Figure 3.4a, where the invariant 7
of B — #7~ is shown. The sample is dominated by the mis-identified K7~
decays where the K7 is incorrectly assigned the pion hypothesis, resulting in a
slightly smaller invariant mass. This picture changes entirely in Figure 3.4b once
PID requirements are imposed, which completely suppresses the contamination due
to mis-identification. This illustrates how crucial a good PID performance is for the

measurements performed in heavy flavour physics.

In the following, the design of the LHCb detector is described, detailing how the
important requirements identified above are implemented by various detector subsys-

tems.

3.3 The LHCb detector

In order to describe positions and locations, a right-handed Cartesian coordinate
system is defined with the z-axis pointing along the beam axis, the x-axis being
directed away from the centre of the main accelerator ring and the y-axis pointing
upwards. The azimuthal angle ¢ is defined as the angle in the xy plane with respect
to the positive z-axis and rotating clock-wise around the positive z-axis, and the

polar angle # is measured against the positive z-axis.

60



3.3 The LHCb detector 3 Experimental Setup

52400 e
L2200 - 0 ) & 700F
7] B—k- O Tk -

2 2000 B ' S o F 77 B'—Kn- (b)
s —>UTT [ r 0 B

1800 0 : G =)
o B.—~K'K ~ ennk o
1600 B K- 5] e B.—K*K-
» 1400 L Ag_)”K_ s BnK-
1200 2P 3 F 1 AS—pk-
B [ Ap—>pn o F 0 _
2 1000 o 2 3000 Il Al-pr
c |___1 B —3-body ] r _—
S 800 ‘ 71 comb. bk o " L___! B —3-body
© 600 | t-—i OmD. bkg g 200t [~ 1 Comb. bkg

4005 ___ S 100F S e
200 ______________ E - POV v imm'
0 O PA P VP 5 M 0 2, 5 s e v = 0* | - R IR R
49 5.0 3 54 55 56 57 5.8 5 51 52 53 54 55 56 57 58
w* invariant mass (GeV/c?) 7T invariant mass (GeV/c?)
(a) Without PID (b) With PID

Fig. 3.4: lllustration of the power of a PID system in a measurement of B® — 717~ [78].
Invariant 777~ distribution without PID requirements where the dominant contributions are
real B — K'n~ decays with a mis-identified K* (a). The same distribution with PID
requirements, dominated by real B® — 777 (b).
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Fig. 3.5: Schematic overview of the LHCb detector showing the different subsystems traversed
by particles from left to right. In this depiction, the x-axis points into the page. The thin black
line indicates the acceptance in the polar angle 6.
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The LHCb detector is a forward spectrometer covering a pseudorapidity range of
2 < n < 5, ideally setup to study the produced ¢q pairs as visualised in Figure 3.2b,
where the LHCb acceptance is highlighted in red. Figure 3.5 gives a schematic
overview of the detector. The vertex locator (VELO), surrounding the interaction
region, is responsible for the excellent vertex resolution. Following the VELO,
produced particles traverse the first of two ring-imaging Cherenkov (RICH) detectors
used for particle identification, and the first set of tracking stations. A 4T dipole
magnet then bends charged particles in the zx plane, and the amount of bending
is measured by a second set of tracking stations after the magnet, allowing to infer
the momentum of the traversing charged particles. Immediately downstream is
the second RICH detector, followed by the calorimeters, which can detect neutral
particles and measure energies directly. Finally, a muon identification system forms
the last part of the detector.

Recording and processing all pp collisions is far beyond the capabilities of the available
computing resources. Furthermore, the production cross-sections for the particles
typically studied by LHCb are much smaller than the total inelastic pp cross-section
and thus most interactions do not contain anything interesting. Therefore, a trigger

system is employed to reduce the rate of data that needs to be analysed.

The remainder of this chapter describes the different sub-detectors in greater detail
and gives an overview of the trigger system and its planned evolution in the future.
All measurements presented in this thesis use only Run 2 data and hence only the
Run 2 configuration of the detector is discussed. However, at the time of writing
this thesis, no publicly available performance studies for Run 2 exist. Therefore,
Run 1 performance studies are used to quantify the detector performance, which is

expected to be very similar in both LHC running periods.

3.3.1 Tracking

The LHCD tracking system is responsible for identifying tracks of charged particles
traversing the detector and determining their momentum. When charged particles
traverse the detector material they are able to ionise it, creating electron-ion pairs or
electron-hole pairs in case of a semiconductor materials. Tracking detectors exploit
this by applying an electric field to their active material where a measured current
then indicates the presence of separated charge carriers and thus a traversing particle,
and this information is saved as a hit. These hits are then used to reconstruct tracks.
The tracking system is comprised of three different subsystems: the VELO, the
Tracker Turicensis (TT) and three tracking stations (T1-3).

The VELO [79] is the first sub-detector traversed by particles produced in the

interaction of its centre, and arguably the most important one: its extremely high
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Fig. 3.6: Different schematic cross-sections of the VELO sub-detector showing the positions of
the individual modules and the open and closed position. Figure taken from Ref. [71].

precision allows it to measure tracks accurately, allowing it to resolve different vertices
in close proximity. The VELO is comprised of two separate, movable halves on
either side of the beam pipe in the zz plane. The two halves close by moving in
the horizontal direction once the beams circulating in the beam pipe are declared
stable, resulting in a distance of only 8 mm between the beam and the active parts
of the detector, closer than any other experiment at the LHC. A schematic view
of the detector is given in Figure 3.6, showing the two halves of the detector and
the open and closed position. The halves contain 21 silicon modules each, with the
modules being comprised of two silicon strip sensors, segmented in r and ¢ direction,
respectively. By collecting the produced electron-hole pairs in the individual strips
and combining the information of neighbouring r and ¢ sensors, the spatial position

of a hit created by a traversing charged particle is determined.

The LHCD tracking system contains two additional silicon strip detectors: the Tracker
Turicensis (TT) and the Inner Tracker (IT), which comprises the inner part of the T
stations surrounding the beam pipe resulting in four modules in total. Each of these
modules consists of four layers of silicon strips. To identify the three-dimensional
point where the charged particle passed through, the silicon strips in different layers
cannot be aligned. Therefore, the strips in the first and last layer are oriented

vertically while the ones in the second and third layer are slightly rotated. Due to
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Fig. 3.7: Tracking system performance in Run 1. Momentum resolution as a function of
particle momentum p (a). Impact parameter resolution as a function of the inverse transverse
momentum of the particle 1/p;(b). Figures are taken from Ref. [78].

costs, only the inner region of the T stations, which has a large particle occupancy
as a result of its close proximity to the beam pipe, uses this silicon strip design. The
Outer Tracker (OT), covering the remainder of the LHCb acceptance, uses straw
tubes filled with a mixture of Argon, Oxygen and CO,. Electron-ion pairs produced
in the gas are collected by an anode wire running along the centre of the tube and the
tube walls. Additional timing information allows it to pinpoint the radial distance of
the particle interaction in the tube and combining the information provided by the
different layers of straw tubes again allows the calculation of a three-dimensional

position where the charged particle traversed the detector.

The performance of the tracking system in Run 1 is illustrated in Figure 3.7: the
momentum resolution reaches 0.5% for low momentum tracks and increases to 0.8%
for p = 100 GeV/c. The resolution on the impact parameter reaches 80pm for
particles with a low transverse momentum and reduces to 15 pum for those with a high
transverse momentum. Using a tag-and-probe technique and hits made in the muon

identification system, the average track reconstruction efficiency has been measured
to be above 95% [80].

3.3.2 Particle identification

The previously described tracking system allows precise measurements of the momenta
of a charged particle. To fully reconstruct its four-momentum, a measurement of its
mass or energy is necessary. The velocity of a particle can be measured by exploiting
Cherenkov radiation which in turn allows the computation of the mass of the particle
using the relation between momentum and velocity. Cherenkov radiation occurs once

a particle traverses a medium faster than the speed of light in this medium, and the
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Fig. 3.8: Cherenkov angle 6. measured with C4F;( as a radiator. Contribution from muons,
charged pions and kaons as well as protons are distinctly visible in the spectrum. Due to their
small mass, no clear contribution from electrons can be identified. Figure taken from Ref. [81].

angle ¢, under which the radiation is emitted depends on the velocity:

1
cos(f,) =—, 3.2
0) = — 32
where § = v/c and n is the known refractive index of the material. Therefore, a
measurement of the angle 6. allows an estimation of the velocity and subsequently

the mass of the traversing particle.

In order to measure the angle 6., LHCb has two ring imaging Cherenkov sub-detectors,
RICH1 and RICH2. RICHI is located between the VELO and the TT before the
magnet and is filled with C,F;, as a radiator while RICH2, located behind the
T stations further downstream, uses CF, mixed with a small amount of CO, to
reduce scintillation light, which would otherwise impact the resolution. RICH1 covers
the entire LHCb acceptance and is designed to efficiently measure the angle for
particles in the momentum range of 3 to 60 GeV/c. RICH2 is intended to increase
the momentum range to 100 GeV/c and covers a smaller, central area of the LHCb
acceptance, which is sufficient because most high momentum particles cover the high
71 region. The optical photons produced by Cherenkov radiation are reflected outside

of the LHCb acceptance by mirrors and collected by photo multiplier tubes (PMT).

Figure 3.8 shows the two dimensional distribution of particle momenta and corre-

sponding angles for C,F;,, with the contributions from different particle species
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being clearly distinguishable. As the momentum is known from the tracking system,
the compatibility of different particle species hypotheses can be tested for a given
angle. It should be pointed out that the absence of Cherenkov light is a powerful
discriminatory feature as well, e.g. a particle with 10 GeV/c showing Cherenkov light
cannot be a proton. In practice, each particle is initially assumed to be a pion and
a likelihood is computed by comparing the number of observed optical photons in
each PMT with the expected number for pions. The hypothesis is then changed,
the expected number of optical photons is updated and the change in likelihood
is computed. These variables are referred to as DLL (for delta-log-likelihood) and
they exist for each possible particle hypothesis. As they all express the change with
respect to the pion hypothesis, the value of DLL for the pion hypothesis is zero by

construction.

3.3.3 The calorimeters

The sub-detectors discussed above allow for a precise measurement of a particle’s
four-momentum; however, two caveats apply: no measurements of neutral particles
are possible and reconstructing tracks takes too long to be feasible at an event rate
of 40 MHz. Both caveats are addressed by the calorimeters, which can measure
the neutral particles and their information can be used to apply a meaningful
trigger to reduce the event rate to 1 MHz at which the whole detector can be read
out. The LHCb calorimeter system consists of an electromagnetic (ECAL) and
hadronic calorimeter (HCAL). The HCAL is a sampling calorimeter consisting of
alternating layers of iron acting as the absorber and scintillating material. Incoming
hadrons deposit large amounts of energy in the absorber plates and create a particle
shower. These shower particles then excite the scintillating material, which emits
light measured by photo multiplier tubes. The same design principle is common
to all LHCDb calorimeters. In order to obtain positional information, the HCAL is
segmented into square cells, 130 mm wide in the centre and up to twice that size at
the edges to account for the lower particle multiplicities. The relative resolution on
the energy of the hadrons in Run 1 has been measured to be (69 + 5)%/+/E/ GeV
plus a constant (8 +2)% [82]. The ECAL is positioned upstream of the HCAL and
uses lead as the absorber material. It is designed to measure the energy of photons
and to improve the PID information for electrons (Figure 3.8 illustrates the poor
performance of the RICH detectors for electrons as no clear contribution can be
identified). Furthermore, energy depositions can be used to trigger on electrons and
photons. The ECAL is segmented into cells similar to the HCAL, albeit with a finer
granularity to account for electromagnetic showers being smaller in the transverse
plane. The relative energy resolution in the ECAL during Run 1 has been measured
to be (9 £ 0.5)%/+/E/ GeV plus a constant 0.8% [82]. Electron and photon clusters

can be differentiated by checking for the existence of a matching track pointing to
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the cluster in the ECAL. However, this requires that the tracking has already been
performed for the specific events, something which is too slow for the lowest level
of the LHCD trigger system. Therefore, two additional layers are added in front
of the ECAL: the scintillating pad (SPD) and preshower (PS) detectors. Both are
separated by a 15 mm thick layer of lead. An incoming electron already produces a
signal in the SPD detector before showering in the lead layer while a photon will
pass through the SPD unseen and start its electromagnetic shower in the lead layer.
Both particles will then leave a signal in the PS detector and thus electrons are

distinguished from photons by the presence of a signal in the SPD.

3.3.4 The muon system

Muons are able to traverse large amounts of material and thus are not stopped in
the calorimeters described above. Therefore, a dedicated muon detection system,
comprised of five individual stations (M1-5), is installed in LHCb. All stations
consist of multi-wire proportional chambers with the exception of M1, which has
a thin layer of gas electric multipliers in its centre. M1 is located upstream of the
calorimeters while M2-5 are located downstream, constituting the final sub-detector.
Additional 80 cm iron absorbers are placed between M2 and M5 to filter out particles
other than muons that have punched through the calorimeters. The muon system
fulfils several important roles (at least for analyses involving muons in the final state,
a pristine group that none of the measurements presented in this thesis belongs to):
providing additional PID information for muons, improving their track precision
by adding additional hits to the fit and, most importantly, allowing for triggering
on muons. A rudimentary pp reconstruction is performed, allowing the system to

trigger on both their existence and momentum.

3.3.5 The trigger

LHCb employs, like most high energy physics experiments, a trigger system to reduce
the rate of pp collisions that require a full read out of the detector while selecting
events that are more likely to contain interesting physics. The LHCb trigger system
is comprised of three different stages: the hardware level-zero (L0) trigger and two
high-level triggers (HLT1 and HLT2) that are implemented in software. All three
implement multiple trigger lines. The levels have to handle successively lower rates
and can thus employ more refined selection criteria as each level only processes events

accepted by the previous level.

The LO trigger accepts events at the full bunch crossing frequency of 40 MHz and its
output rate is limited to 1 MHz by the processing capabilities of HLT1. At 40 MHz,

only the calorimeter and muon system information can be read out and used in
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the LO decision. The muon stations allow the inference of the number of muons in
the event and a rudimentary transverse momentum estimate from the muon track
orientation allows the selection of muon decays, resulting in the single and dimuon
trigger lines. The measurement presented in Chapter 6 relies heavily on a line utilising
the information provided by the calorimeters by searching for the largest Er in all
2 x 2 cells in the calorimeter, which is then required to pass a threshold of typically
3.5 to 4GeV. Lastly, LO can trigger randomly on bunch crossings, which does not
bias the selected events and avoids a complicated estimation of the efficiencies of the
hadron line while sacrificing a large amount of data. Nonetheless, such a trigger is

beneficial when measuring production cross-sections as presented in this thesis.

If any of the LO lines fired, the entire detector is read out and HLT1 performs
a simplified reconstruction of the event. As a first step, all tracks in the VELO
are reconstructed and primary vertices are identified. In a second step, tracks are
identified that have been produced in the decay of a heavy particle instead of directly
in the pp collision. To this end, all VELO tracks are removed that either have no
significant displacement to any of the primary vertices or do not match a muon track
reconstructed in the muon system. The remaining tracks are then matched to tracks
formed in the T stations, enabling a measurement of the track’s momentum from
the bending in the magnet. From this information, multiple HLT1 lines are defined
again for single and dimuon events as well as hadrons with a total output rate of

80 kHz.

Once an HLT1 line fired, the entire event is pushed to a buffer storage from which
HLT?2 takes events to process. However, before doing so, at the beginning of each
LHC fill, the detector alignment is performed in real-time [83], allowing HLT2 to use
the final alignment constants in its reconstruction. Once the alignment is completed,
HLT?2 starts processing the buffered events asynchronous to the LHC, allowing
for an ideal use of the available computing resources. HLT2 performs a full event
reconstruction, reaching the same precision as an off-line reconstruction of the data,
and selecting a multitude of different lines reducing the effective output rate to
12.5kHz. From here on, two pathways exist depending on the line that fired: for
certain lines, especially those selecting inclusive decays, the entire event is written
to disk and analysed later. For many exclusive lines however (this includes all lines
used in this thesis), only the candidates reconstructed in the trigger that fired the
specific lines are saved to disk. This path is called Turbostream [84], and is a new
development for Run 2. It reduces the disk space requirements as well as enabling a

faster availability of the recorded data for analysts.
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Fig. 3.9: Schematic overview of the LHCb detector after the upgrade. Figure taken from
Ref. [85]. The current detector is shown in Figure 3.5.

3.3.6 The LHCb upgrade in a nutshell

The LHCD detector will be upgraded during the Long Shutdown 2 (LS2) in 2019
and 2020 and is planned to collect 50 b~ of integrated luminosity in the 10 years
following LS2 during Run 3 and Run 4 of the LHC. To achieve this, the detector will
run at a higher instantaneous luminosity of 2 - 10™*cm s~ and with an increased
number of collisions per bunch crossing. The largest bottleneck in the current
detector is the limit of 1 MHz read-out rate which is reached by the purely hardware
LO trigger selecting only basic signatures. This causes the largest inefficiencies in the
trigger chain, especially for purely hadronic decays. Therefore, the upgraded LHCb
detector will not use a hardware trigger, and instead will read out the entire detector
at the full 40 MHz and use a full software trigger [86]. This lifts the restrictions
on the information available in the first level of the trigger, for example, vertexing,
tracking and momentum information would become available, significantly improving

the efficiencies and purity after the first level.

In the current detector, only the muon system and the calorimeters are able to be
read out at the required rate and thus most of the front-end readout electronics
as well as some of the sub-detectors will be replaced in the upgrade. Figure 3.9
depicts a schematic overview showing the detector with the upgrade installed. The
VELO with its silicon strip design will be replaced by a pixel detector [87] with
an improved vertex resolution to tackle an increased number of primary vertices
per bunch crossing. The remaining components of the tracking system will also be
replaced: the TT will be replaced by the Upstream Tracker (UT) which uses high
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granularity silicon micro strips and has a larger acceptance compared to the TT
while the T stations (the IT and OT) will be replaced by a scintillating fiber detector
(SciFi) [85]. The RICH detectors will remain, in principle, in place; however, updates
to the optical system are planned to handle the increase in occupancy. Additionally,
new PMTs will be installed which support the increased read-out frequency [88].
Lastly, due to the discontinuation of the hardware trigger, no fast information on
electron and photon discrimination is necessary and thus the SPD and PS will be
removed as well as M1 due to the increased particle flux. The ECAL and HCAL as
well as the remaining muon stations M2-5 are expected to last until Long Shutdown

3 at which time they might need to be revised.

The upgrade of the detector will allow the study of heavy flavour phenomena with
unprecedented statistical precision. However, an upgrade of the actual detector is
only part of the challenges that need to be overcome. The creation of simulated
samples, which are crucial to understand the effects of the detector, is required to
be much faster to be able to harness the full potential of the upgraded detector.
Therefore, the next chapter discusses the simulation effort in LHCb and developments

towards making them faster are presented.
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Extracting physics knowledge from recorded data requires the correction of both
resolution effects and inefficiencies in the detector. With the increasing complexity of
the experimental environments present at collider experiments, analytic descriptions
of the detector response are hardly obtainable, and data-driven methods cannot be
applied to all problems. Therefore, simulated samples are a crucial tool in many
analyses. This chapter presents an overview of the general as well as LHCb-specific
procedures to create such samples before discussing contributions I have made to
the LHCDb simulation effort. These contributions result in an increase in simulation

speed of one order of magnitude.

4.1 Monte Carlo event generation — A brief overview

The creation of a sample of Monte Carlo events is separated into two steps: the
generation, where, based on physics models, an event is generated, and the simulation,
which propagates the products of the generation step through a simulation of the
detector to emulate the response of the real detector. While many details can differ
between various implementations, this section gives a brief summary of these steps

in a general way.

The generation of Monte Carlo events is a complicated process with a variety of
challenges, each with its set of solutions and thus it is only possible to scratch the
very surface in this summary. A detailed review is provided by A. Buckley et al. in

Ref. [89]. In the interest of staying concise, this summary only discusses the case
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4.1 Monte Carlo event generation — A brief overview
of a central hard scattering process (e.g. the production of a ¢ or bb pair) being
generated. The entire process relies on the factorisation theorem in QCD, which

allows splitting the whole process into multiple phases: the hard scattering process

resulting in partons, the radiation of additional hard QCD partons and the soft
QCD interactions combining the partons into hadrons. This coincides with the
transition from very high to low energies and hence from the perturbative to the

non-perturbative regimes of QCD. Figure 4.1 depicts the different steps in the event
generation which will each be discussed in more detail in the following.
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Fig. 4.1: lllustration of MC generation, depicting the colliding protons (purple), the hard
scattering process (blue), QCD radiation (red), hadronisation (light green) and the decays of

hadrons or leptons (dark green).

The generation of the hard process pp — n with a final state n is conceptually the

same as calculating its cross-section:

2

o(pp = n) = ;/01 dux; /01 dxj/dq)nfi(xi)fj(xj) % , (4.1)

Mz‘jan(q)n)

where ¢ and j are different partons within the protons, each carrying a fraction of
the proton’s momentum z; and z; respectively, and thus defining the initial state
of the interaction. The parton density function f gives the probability to find a
parton with this momentum fraction in the proton, see Section 2.2.1. As many
different combinations of proton constituents may contribute to the process with
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varying momentum fractions, the sum is taken over all possible combinations and
then integrated over all possible momentum fractions. All final state properties are
described by the phase-space element ®,,, which includes the momentum components
of the particles, resulting in a 3n — 4 dimensional object as four degrees of freedom
are constrained due to energy and momentum conservation. The variable § is the
is the

matrix element for the hard process of interest. Monte Carlo integration is the only

effective centre-of-mass energy of the parton collision § = z;z;s and M;;_,,

feasible method to solve the high dimensional integrals present in Equation (4.1):

N

a(op =) = [ dig(d) % Vp > ol (1.2

=0

where g encapsulates the entire integrand in Equation (4.1) and & being its dependent
variables spanning a total volume V. The sum is taken over N randomly generated
values for Z. Using this integration technique to compute the integrated cross-section
of a process is intrinsically linked to the generation of a sample of events following
the distributions dictated by the physics encoded in the matrix element and parton
density functions as such a sample is obtained by weighting the events z; with a
weight given by ¢(Z;). Furthermore, unweighted samples can be obtained be applying

a hit and miss procedure to the weighted events.

In pp collisions, most final state partons are coloured particles and thus can radiate
additional gluons. Due to the high energies of the partons from the hard scattering
process, this process is still in the perturbative regime. A Markov chain is used
to iteratively add more and more additional gluons to the event, creating parton
showers in the event. This gradually reduces the energy per parton in the event until
energies become so small that the involved QCD becomes non-perturbative. The
same procedure is also applied to simulate interactions between other constituents of

the proton that did not participate in the hard scattering process themselves.

At the low energy scale where the perturbative evolution of the partons is not
possible anymore, and the partons form bound states, phenomenological models of
the clustering take over. These are not directly based on QCD as no calculations in
the non-perturbative regime can yet be performed. Instead of acting on individual
partons, these models form colourless groups by combining several partons, which

are then replaced by hadrons matching the parton content of the groups.

Most of the hadrons produced in the hadronisation step are unstable resonances
which are decayed using a variety of different models, ranging from simple phase-space
decays to decays via complicated, interfering amplitudes that are usually derived

from measurements. An example for this is the D’ — K777 7" decay discussed in
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this thesis. As the summary presented here is very general, the tools and procedure
used in LHCb are discussed in detail in Section 4.2.1.

If the generated events are intended to be compared to measured data or to evaluate
efficiencies, the effect of the detector on the stable particles needs to be modelled.
In a simplified picture, this is done by moving the particle through the detector in
many incremental steps. Typically, the step distance is dependent on the radiation
length of the specific medium with additional steps being added at any transition
between different materials. At each step, the energy and direction of the traversing
particle are updated to reflect the energy deposition in the material between the
current and previous step via ionisation. Additionally, at each step, the particle has
a chance to undergo an inelastic interaction producing new particles which are then,

in turn, also tracked through the remaining detector.

4.2 Monte Carlo samples at LHCb

Simulated samples in LHCb can be created using different generators with slightly
different procedures. Providing a description for all of them exceeds the scope of
this chapter. Nonetheless, a discussion of the most commonly used setup and its
performance is presented in the following. This method is also the one used for the
measurements presented in this thesis, discussed in Chapter 5. In general, simulated
samples are only created for particular decays, either for the signal process of interest
or physically motivated background. Combinatorial backgrounds are evaluated using
data-driven methods. In the following, the term ‘signal particle’ refers to the head of
the decay of interest. For example, if a sample for D" — K~ n" should be generated,

DY is the signal particle and the entire decay is referred to as signal decay.

4.2.1 Creation of a typical sample in LHCb

In LHCb, the typical event simulation starts with the generation of minimum
bias® pp collisions using PyTHIA 8.1 [90, 91] with a particular LHCb configuration
similar to the one described in Ref. [92]. PyTHIA performs all the steps detailed in
Section 4.1 with the exception of the decays of hadronised particles and thus the
unstable resonances are part of its output. Minimum bias events are preferred to
the generation of specific hard scattering processes to achieve an unbiased mixture
of the different hadrons after hadronisation. Pile-up, which refers to multiple pp
interactions in one bunch crossing, is added by generating multiple such pp collisions
within the same event. All hadronised particles that are heavier than the desired
signal particle, and hence could be able to produce it, are then iteratively decayed.

This process stops once all heavier particles have been decayed. If no signal particle

L An event where no particular hard scattering process is required.
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Fig. 4.2: The LHCb data flow through the various steps of the data processing in Run 2.

is identified among the undecayed particles, the process is repeated by generating a
new minimum bias pp collisions. Once a matching particle is found, it is decayed
to the desired final state. All remaining unstable particles then decay randomly to
any of the available final states, respecting the known measured branching fractions.
EVvTGEN [93] performs the actual decays, either by generating simple phase-space
distributions for the final state particles or by applying a particular amplitude
model. Additional final-state QED radiation is then generated with PHOTOS [94].
At this stage, the event consists of only quasi-stable particles — mostly kaons, pions,
electrons, muons, neutrinos, and photons — which have lifetimes long enough to

traverse at least parts of the detector, and be measurable.

Propagating events through the simulation of the detector whose signal decay products
have no chance of being reconstructed or selected is a waste of expensive computing
resources. A situation like this can occur if decay products are outside of the
geometrical acceptance of the detector and thus cannot be reconstructed, or in cases
where the event selection will impose criteria that, even taking resolution effects on
the reconstructed quantities into account, are impossible for the generated event to
meet. These events are usually filtered out in this step of the sample creation to save
computing resources. In order to classify the different simulated samples produced
by LHCb, they are grouped by their event type, which combines the information
on the signal particle and decay with the selection applied in the filtering. The
implementation of the interaction of the generated particles with the detector, and
its response, uses the GEANT4 toolkit [95] as described in Ref. [96].

All of these previous steps are controlled by GAuss [96], the LHCb simulation
framework which is built upon the GAUDI [97, 98] software framework and interfaces
to the external implementations for the generation, the decay, and the detector
propagation. For each event, the output of GAUSS consists of the information on
the generated particles and the interaction with the detector, namely the spatial

positions of interactions with the associated energy deposition.
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The information about the detector interactions is then digitised and noise is added,
resulting in discrete values associated with read-out channels like real data. This
digitisation is implemented in BOOLE, and the LHCb software stack can process the
resulting output in the same way as real data with the exception that the association
between reconstructed and true particles is propagated and available to the user.
The overall data flow for simulated events, compared to real data, is also depicted in
Figure 4.2.

4.2.2 Simulation speed and LHCb production resources

Among all the steps in the LHCb data flow
_ _ that are required to obtain a simulated sam-
Tab. 4.1: Average time per event spent in

the different sub-detectors in simulation. Es- Ple that can be used in an analysis, the

timated from 10 minimum bias events. propagation of the particles through the de-
Detector volume Time / event [s] tector is, by far, the most time-consuming.
RICH 2 31.9 Deé)enhdizg on .tll;e compl;:xitybof t.he fvergc
Electronic cal. 91.3 a;l. whet eli spl Ofr nej S tfo ?Slmu affl ,
RICH 1 14.2 t 11IS St}(lep takes on t e‘or erlo fmlnu‘tes w f1 e
Hadronic cal. 74 a otder ’;te]z:is Ze?ulljre olzl yd ractl(})lns (? a
VELO 9.7 second. lable 4.1 breaks down the time
: spent in the simulation of the LHCb de-

Muon stations 2.0
Tracking 15 tector. The timing has been obtained by
Magnet 0.8 monitoring the time spent in every GEANT4
Other 96 tracking step when simulating ten minimum
bias events on an Intel Xeon E3 at 2.6 GHz.

Total 90.7

The test was conducted in an uncontrolled

environment, and thus the numbers shown
are only indicative. As shown, the RICH detectors and the calorimeters dominate
the total time in the simulation. In the case of the former, a large number of
optical photons are produced which need to be individually tracked, substantially
slowing down the simulation. The same is true for the particles produced in the

electromagnetic and hadronic showers in the calorimeters.

Figure 4.3a shows the total number of events simulated within the last year by
the LHCb collaboration. During this year, the production system was running at
full capacity, producing around three billion events in total. Regarding operating,
upgrading and maintenance costs, creating around 1,000 events on the production
system costs about 0.5 CHF. This significant financial investment is even more
substantial as most of the simulated samples are only usable for one analysis and
hence only contribute to one publication by the collaboration. To avoid the systematic

uncertainties due to the size of the simulated sample becoming larger than the
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Fig. 4.3: Information on the LHCb production system: (a) number of cumulative events
produced per LHCb working group, Individual contributions are stacked; (b) CPU resources
required for Run 3 of the LHC for different scenarios compared to pledged.

statistical uncertainty and hence effectively cancelling the benefit of recording more
and more data, the ratio of selected simulated to recorded signal events must remain
constant. While the rate of pp collisions in the detector is utterly impossible to
simulate, the relevant quantity for most measurements, the number of selected signal
events, is achievable by applying a suitable filter before the detector simulation as
described above. However, the production system is already running at full capacity,
and the increase in available CPU resources is expected to be far smaller than the
growth of data, especially considering the Run 3 upgrade of the LHCb detector,
described in Section 3.3.6, after which the detector read-out will be 40 MHz instead
of 1 MHz. This is illustrated in Figure 4.3b, which shows the required CPU resources
for different ratios of simulated to real events and compares those with the pledged
resources. Achieving the same number of events would require almost a factor
of ten more resources than available. These predictions already include expected
performance increases due to general software updates to GEANT4. Therefore, other
means of increasing the speed need to be found, and different approaches are discussed

in the following.

4.3 The need for speed

The need for faster simulation in LHCb is indisputable and their implementation is
an absolute requirement to benefit from the increase in recorded data expected in the
future. This section summarises the ongoing effort and describes an implementation
that pre-dates the work in this thesis and whose shortcomings are the motivation for

the this work.
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4.3.1 Overview of different approaches

Simulated samples are used for different use-cases, e.g. analysis, analysis prototyping,
systematic studies, or detector development. Many of these do not necessarily require
the expensive full simulation and thus different approaches are investigated in parallel,
tailored for different applications. Nonetheless, a common feature of all approaches
is the need to reduce the time consumed by the simulation of the detector. Three

groups of approaches can be identified and briefly summarised in the following.
Simulating no detector

As almost all the time is used by the detector simulation, the most straightforward
approach is getting rid of the detector simulation altogether. The effect of the
detector is mimicked by discarding generated particles to emulate efficiency effects
and smearing the remaining ones to imitate imperfect resolutions. The amount of
these corrections is typically based on parameterised descriptions obtained from
data-driven detector performance studies or by comparing the differences of generated
and reconstructed particles in the full simulation. One possible example providing
such parameterisations for the LHCb detector is RapidSim [99]. Additionally, a
Delphes [100] implementation is in development, which provides an improved para-
metric description of the LHCb detector and is fully integrated into the LHCb data
flow. Using parameterised detector descriptions can increase the speed by several
orders of magnitude. However, due to the lack of hits made in the detector, one
sacrifices access to reconstruction-level quantities describing the quality of the tracks
and vertices. Hence, these samples cannot be used to determine selection efficiencies
as these quantities are often used during the event selection as they provide a powerful
tool to suppress combinatorial backgrounds. Nonetheless, parametric descriptions can
be used to study sources of systematic uncertainties or to test for contamination due
to physical backgrounds, for example through partial reconstruction or mis-identified

final state particles.
Simulating less detector

Instead of removing and replacing the entire detector simulation, the simulation can
be customised to suit the particular needs by deactivating components of the detector
that are not needed. Based on Table 4.1, ideal candidates are the RICH detectors
and the calorimeters. It is possible to replace the simulated RICH detector response
using purely data-driven techniques, which is detailed in the Section 5.5.2. Particles
traversing the RICH detectors might scatter with the detector material and thus
removing the detector and replacing it with air will lead to differences with respect

to the full simulation beyond PID related quantities. However, it is possible to solely
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deactivate the propagation of the optical photons but leave the detector itself in
place. Tests have shown that this reduces the time spent in the RICH detectors to
negligible levels while achieving perfect agreement with the full simulation. Simply
removing the calorimeters, however, is impractical: their information is used to
trigger on hadrons in the event and they significantly affect the number of particles
reaching the muon stations, which in turn affects the muon based triggers. However,
studies are ongoing to replace the full GEANT4 based calorimeter simulation by a
parameterised approach where the positions of energy deposition in the calorimeter
are sampled from previously created tables. This approach is expected to reduce the

time required to simulate the calorimeters to negligible levels as well.
Simulating fewer particles

Instead of modifying the detector simulation to decrease the time spent in it, one
can reduce the number of particles that need to be propagated through the detector.
The total time required to simulate an event is roughly proportional to the number
of particles that need to be tracked. Per event, several hundred particles need to
be tracked through the detector, not including the secondary particles produced in
the interaction between particles and the material. However, most LHCb measure-
ments only explicitly look at the signal candidate in the simulation by selecting the
reconstructed particles matched to the true particles stemming from the decay of
interest and typical signal decays rarely have more than ten final state particles.
Consequently, a substantial fraction of the total time per event is spent on particles
that are never explicitly looked at. The most extreme approach trying to rectify this
imbalance is a simulation of the final state particles of the signal only. This method

is presented and its shortcomings are discussed in the following.

4.3.2 Particle Gun — A simulation of the exclusive final state

The simulation speed can be significantly improved by only simulating the decay of
interest without any underlying event. This approach has been implemented and
used by LHCb and is referred to as Particle Gun. In the following, the method is
described using D*" — D7 with D’ — K~ 7" as an example.

Instead of generating a pp collision, which subsequently produces the D*" meson, an
origin vertex for the D** is randomly sampled from the luminous region in the center
of the VELO. The D*' kinematics are randomly sampled either from histograms
created from generated pp collisions or flat within given ranges for the components of
the momentum. The D** is then decayed and simulated as before. The performance
of this method is evaluated by comparing a privately produced sample of one million

events to four million events, which have been produced on the central production
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efficiency for D°— K~ 7" as a function of the KT momentum.

system. Both samples have the exact same conditions. Comparing the time needed
to produce one event, reducing the simulation to just the final state results in a

speed-up by a factor of 50.

Figure 4.4 compares kinematic distributions between the two samples and shows good
agreement. This is hardly surprising as these distributions mainly depend on the ones
generated, which are set up such that they are identical. However, discrepancies are
seen when looking at variables that highly depend on the reconstruction performance.
Figure 4.5 depicts the x> per degree-of-freedom from the track fit and the efficiency
to reconstruct the D° — K~ 7" decay as a function of K* momentum. As seen,
the performance of the track fit is significantly better in the exclusive simulation
compared to the nominal one. This is caused by the very low occupancy of the
tracking detectors and the practical elimination of any ambiguities when associating
hits to tracks. This also leads to a substantial improvement in the efficiencies. The
other subdetectors, especially those strongly dependent on the occupancies like the
RICH detectors, display the same behaviour where the exclusive simulation shows a

better performance then the full simulation.
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Besides this mis-modelling, several other quantities cannot be obtained using exclusive
samples, some of which are very commonly used in LHCb to select signal events. For
example, X%P7 which can be intuitively understood as the squared significance of the
impact parameter with respect to the primary vertex, is used to distinguish between
prompt and non-prompt particles. It is computed by performing the primary vertex
fit with and without the particle in question and taking the absolute difference of
the obtained X2- Fitting the primary vertex in an event requires tracks from the
primary vertex to be reconstruct; however, with the exception of cases where the
signal particle is an instantaneously decaying resonance, no particles from the true
primary vertex are even simulated and thus no primary vertex fit can be performed

in exclusive simulations.

Both of these issues reduce the range of possible applications of an exclusive simulation
to studies of systematic uncertainties or physical background contributions, similar

to the parametric approaches but with a more realistic detector simulation.

4.4 ReDecay — An LHCDb fast simulation solution

In the previous section, the increases in speed of about a factor of 50 when only
simulating the exclusive final state came at a cost: disagreement in resolution and
efficiencies due to the low occupancy of the detector. This section will present
ReDecay, a new addition to the LHCb simulation, which addresses the drawbacks of

a Particle Gun simulation while reaching similar increases in speed.

4.4.1 ldea and procedure

The main lesson learned from comparing a Particle Gun simulation to the full
simulation is the realisation that the underlying event?® which substantially increases
the occupancy, is important to obtain a realistic description of the real data. However,
simulating the underlying event takes much longer than the simulation of the actual
signal decay. In the ReDecay approach, this is mitigated by re-using the underlying
event multiple times instead of generating a new one for every event. The signal
particle is kept identical in all sets of events that use the same underlying event
to preserve the correct correlation with the underlying event but is independently
decayed again each time. To be more precise, in each redecay event, the origin vertex
and kinematics of the signal particle are identical, while the decay time and thus

decay vertex as well as the final state particles are different.

The following procedure has been implemented in GAUSS:

2 Here, underlying event refers to all constituents of an event which do not belong to the studied

signal decay.
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1. A full event is generated as described in Section 4.2.1. In order for the re-use
of the underlying event to be sensible, only event types with a specific signal
particle can be used. This event will be referred to as the original in the
following discussions.

2. Before the detector simulation, the signal and its decay products are removed
from the event and the origin-vertex position and momentum of the signal
particle are stored.

3. The remaining event is simulated as usual and the entire output, the information
on the true particle and the energy depositions in the detector, is kept.

4. A signal decay is generated and simulated using the stored origin vertex position
and momentum similar to a Particle Gun event.

5. The persisted underlying event and the signal decay are merged and written
out to disk as a full event.

6. Repeat Npepecay times from step 4.

The thus produced events, i.e. the combination of an underlying event with a signal
decay, are then independently digitised, including different random noise, and passed
through the remaining LHCb data flow. The individual events are indistinguishable

from normal events. This approach has multiple benefits:

« Each event obtained could have been produced by chance in a nominal sim-
ulation as ReDecay just reorders the already factorised approach: Hadrons
are decayed independently and the quasi-stable tracks are propagated through
the detector individually. Therefore, the efficiencies and resolutions are, by
construction, identical to those found in a nominal simulation.

» With increasing Ngepecay, the average time per event on disk approaches those
of Particle Gun, resulting in a potential increase in speed by a factor of 50.

o The approach is fully compatible with fast simulation options that modify the

detector simulation.

However, different events stemming from the same original event are correlated, e.g.
they all have the same number of primary vertices. This potentially complicates
applications of these samples as the correlations need to be taken into account. The
statistical treatment of these samples is discussed in Section 4.4.4, after a description

of different variants and validation studies that have been performed.

4.4.2 Variants and implementation

Early studies revealed a potential issue with the ReDecay approach when looking at
decays of particles with relatively high cross-sections and a large branching fraction.
In this case, it is possible that multiple signal particles are found in a generated

minimum bias event. Applying the procedure in Section 4.2.1, one of these particles

82



4.4 ReDecay — An LHCD fast simulation solution 4 Fast event simulation in LHCb

is then randomly selected and forced to decay to the desired final state. All remaining
particles are free to decay to any final state, including the one of the signal decay.
If that happens, multiple signal decays exist in the event and consequently need
to be removed from the original event, redecayed and reattached to the simulated
underlying event to build the new events. The severity of this effect depends on the
probability that the hadronisation yields multiple signal particles and the branching
fraction for the specific decay of interest. Users can choose between two different

variants currently available:

1. Only the signal particle that was forced to decay to a certain final state is
taken out and decayed multiple times. The rest of the event is used as the
underlying event.

2. Instead of redecaying the signal particle, all hadrons that are at least as heavy
as the signal particle are removed. In order to generate the signal portion in
the redecay step, a fake event is created, which consists of those heavy particles
maintaining their position of origin and momentum (basically mimicking
the generation step typically done by PyTHIA). The procedure presented
in Section 4.2.1 is then applied to find and decay a signal particle. After
simulating the detector response, the results are merged with the previously

simulated underlying event on the heavy hadrons.

The first method is significantly faster but suffers from the aforementioned problems
if the signal decay can occur multiple times, while the second resolves this issue. The
heavy quarks produced in pairs in the simulation are typically hadronised to two
heavy quark resonances which then decay to the actual signal particles of interest.
The second variant of ReDecay has the additional benefit that these two heavy
flavour sides are redecayed in every event, giving more variation to the signal particle

and hence reduces the correlation between different events.

The implementation of ReDecay in GAUSS is modular, without making any assump-
tions on which generators or decay tools are used. Therefore, it can be applied in a
wide variety of configurations. Existing algorithms and tools are adopted as much as
possible to ease maintaining the code base. The code is set up to handle any number
of particles from the original event to be redecayed and adding variants or extending
the two discussed above is simple. The only configuration that needs to be set by
the user is the number of redecays Ngepecay and the variant to be used, everything

else is automatically extracted from the settings of the nominal simulation.

4.4.3 Validation and performance

A sample of four million events of D*" — D%zt decays with D° — K~ nt, created

in the nominal way and identical to the one used in the Particle Gun comparisons, is
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Fig. 4.6: Normalised distributions of transverse momenta of the true D® and K™ at the level
of the event generator. Shown pulls are calculated from simple y/N; uncertainties in each bin /.
A projection of the distribution of the pulls compared to a unit normal distribution is also given.

compared to a ReDecay sample. This sample contains 10,000 original events with
NReDecay = 100 redecays each. The D** mesons are very frequently produced in the
hadronisation of the c¢¢ pair in the minimum bias event. Additionally, the decay to
the aforementioned final state has a branching fraction of about 2.5%. Using the
nominal sample, 1.1% of the events are found to have at least two candidates for
the decay of interest. Therefore, the ReDecay sample is configured to redecay all

particles at least as heavy as the signal.

Comparisons are performed for a wide range of observables but in the interest of
keeping this section concise, only the most relevant ones are shown here. Figure 4.6
compares the true momenta of the generated D° and K™ as produced by PyTHIA
and EVTGEN. The pull plots underneath each distribution have been obtained using
simple V/N uncertainties for the number of events in each bin:
A N/ — Noom /N ’ (4.3)
T S + o)

where N4 and N, are the numbers in the individual bins for the ReDecay and
nominal sample respectively, Ny and NO,  are the total numbers of generated
candidates in the respective samples in order to normalise the samples, and o,4 and
Tpom are the respective uncertainties, which are assumed to be /N,q and /N, for
now. A good agreement between the ReDecay and nominal sample can be seen, with
the exception of the pulls for the D° transverse momentum. These do not follow a
unit normal distribution and have a standard deviation much larger than one. This
is caused by the correlation between different events and will be further discussed in
Section 4.4.4.
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All distributions of reconstructed quantities are normalised to the respective numbers
of generated candidates N /nom and hence differences in the overall normalisation
between the depicted ReDecay and nominal distributions indicate different efficiencies
in both samples. Figure 4.7 compares several reconstructed quantities and good
agreement is seen for all of them. Especially the distributions of quantities very
sensitive to the detector occupancy, like the track fit X2 or the RICH based kaon
versus pion likelihood DLLj _.., show good agreement unlike comparisons performed
using Particle Gun samples. No difference is seen for the overall normalisation
of the distributions, implying a good agreement in the reconstruction efficiencies,
which is confirmed by the plots shown in Figure 4.8. The good agreement is hardly
surprising as the ReDecay events are by construction identical to those in the nominal
simulation. As mentioned previously, the correct statistical treatment in the presence

of inter-event correlations will be discussed in the Section 4.4.4.

The ReDecay sample has been produced on the LHCb computing grid again in an
uncontrolled environment. Therefore, any timing studies are just indicative as no
attempt has been made to normalise the individual worker nodes. The following
numbers are based on the samples used in the validation studies with Ngepecay = 100.
The average time taken per event, averaged over all events, is 3.9 seconds, 3.3 seconds
of which are taken by the redecays of the signal. Only 0.6 seconds are used for the
simulation of the original events. Comparing this timing to the nominal simulation,
ReDecay is about 15 times faster. This is slower than the previously stated factor 50,
which is caused by the more time consuming ReDecay variant being used as more

particles need to be propagated through the simulation of the detector.

4.4.4 Statistical treatment

The visual agreement between the ReDecay and nominal sample is generally good.
However, several pull plots in Figures 4.6 and 4.7 reveal problems in the assignment
of uncertainties to the ReDecay sample. This is caused by the correlations between
different events in the sample if those events stem from the same original event. The
effect is more pronounced in cases where the observable is similar in all redecay
events (e.g. the D° transverse momentum). Correlations between random numbers

X can be studied using autocorrelation:

=2

1 -T

R(r) = N _o? : (Xi = W) (Xoppr — ). (4.4)

I
o

This computes the correlation coefficient for a list of numbers with itself where N
is the length of the list, and x4 and o are mean and the standard deviation of all
entries in the list. The list is shifted by an offset 7 with respect to itself when

computing the coefficient. Based on this definition, if a quantity is truly random
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Fig. 4.7: Distributions of reconstructed quantities normalised to the number of generated
candidates. Shown pulls are calculated from simple /N; uncertainties in each bin ji. A
projection of the distribution of the pulls compared to a unit normal distribution is also given.
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Fig. 4.8: Reconstruction efficiencies for the D° = K nt decay as a function of the K
momentum and the pseudorapidity of the D°.

and independent, its autocorrelation is zero. The events in the ReDecay sample are
sorted such that all events stemming from the same original event are in a block.
Therefore, one expects the autocorrelation to reduce with increasing offset as the
overlap of the block of events with itself decreases. After offsetting by Ngepecay, the
autocorrelation reduces to zero. Four examples of autocorrelations as a function of
the offset are given in Figure 4.9. As expected, the nominal sample does not show
any sign of correlation between the events. However, for ReDecay, large correlations
are seen for the D° transverse momentum, decreasing with increasing offset. At
around an offset of 40, the correlation practically disappears. The cut-off lower
than Ngepecay = 100 is caused by the reconstruction efficiencies as not all of the
redecayed events from one original event can be reconstructed. A similar though
less pronounced correlation is seen for the transverse momentum of the K. This
reduced correlation is caused by the larger degree of freedom in different redecay
events. Figure 4.10 illustrates this by comparing the relative standard deviation seen
for events stemming from the same underlying event where much larger variations
are seen for the K™ compared to the D°. This is not surprising: due to the small
phase-space available in the decay D*" — D07r+7 the D° has very similar kinematics
in each redecay event. Furthermore, Figure 4.9 shows that for observables that are
mostly based on detector hits which are independent for every signal particle, the
correlation almost vanishes; this is seen for the track fit X2 due to the track being
made mostly by hits from the K which are newly generated in each redecay event.
This is also true for quantities that combine a larger number of input observables
like the vertex fit X2-

In summary, events are correlated though the amount of correlation depends on the
observable studied. This explains the effect seen in the pulls where the approximation
of V/N for the uncertainties breaks down in the presence of large correlations. In the
following, an alternative approach will be discussed to better model the statistical

uncertainty in the presence of such correlations. The trivial approach for dealing
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Fig. 4.10: Distribution of the standard deviation o(pt) computed for all events stemming from
the same original event over the average pt of the same events, separately for D° and K. As
can be seen, the variation of the transverse momentum between different events re-using the
same underlying event is, on average, much larger for the K.
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with this problem in an analysis is to make use of the increased speed, and generate
so much simulated data that the systematic uncertainty due to the size of the
simulated sample is negligible. Obviously, this is not a satisfying solution and a
proper treatment of the statistical uncertainties is required. The severity of the
effect highly depends on how the sample is used and which variables are of interest
and hence deriving a general, analytical solution is difficult if not impossible. A
possible solution is given by bootstrapping [101], which is a method for generating
pseudo-samples by resampling. These pseudo-samples can then be used to estimate

the variance of complicated estimators, for which analytic solutions are impractical.

Starting from a sample with NV entries, a pseudo-sample can be obtained according
to the following procedure: first, a new total number of events N’ is randomly
drawn from a Poisson distribution of mean N. Then, entries are randomly drawn
with replacement from the original sample N’ times to fill the pseudo-sample. As
sampling with replacement is employed, the obtained pseudo-sample can contain
some entries of the original sample multiple times while others are not present in the
pseudo-sample at all. Unfortunately, this cannot directly be applied to the ReDecay
samples because it assumes statistically independent entries. In the study of time
series, data points ordered in time where each data point can depend on the previous
points, different extensions of the bootstrapping algorithm have been developed to
preserve the correlations in the pseudo-samples [102]. A common approach is the
so-called block bootstrapping where the sample is divided into blocks. To obtain
a pseudo-sample, the procedure above is slightly modified: instead of sampling N’
individual entries from the original sample, entire blocks are drawn with replacement
and all entries constituting a drawn block are filled into the pseudo-sample until
the pseudo-sample has reached a size of N’ entries. In general, the definition of
the blocks, which are also allowed to overlap, is non-trivial and can dependent on
the actual dataset analysed. Fortunately, the ReDecay samples are a special kind
of dependent data: they are grouped in clusters, where dependence only exists for
entries stemming from the same original event. This provides a natural choice for
the blocks being resampled: the clusters of events stemming from the same original
event. For the following studies, B = 10000 pseudo-samples are created and each is
used to fill one copy of the histograms. These B histograms are then condensed into

one depiction by calculating the mean and standard deviation in each bin ¢:

B B

1 . 1 . 2
N =53 Ny, and ol = gZ(Nrjd,i . Nﬁi) , (4.5)

j=1 J=1

where Nfdﬂ is the yield of the i-th bin in the j-th bootstrap sample and the superscript
indicates that the respective quantities have been obtained from the ensemble of

bootstrapped samples. Having B values for each bin, the statistical correlation
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Fig. 4.11: Transverse momentum of the D°. For the ReDecay sample, the bootstrapped values
(see Equation (4.5)) are plotted and used in the computation of the pull plot. The correlation
matrix between the individual bins is shown on the right. A projection of the distribution of
the pulls compared to a unit normal distribution is also given.

between different bins m and n can also be computed:

B
BS __ § J BS j BS
€Oy = "Bs B B (Nrd,m - Nrd,m) (Nrd,n - Nfd;”) :

Ord,mOrd,n

(4.6)

j=1

Figure 4.11 shows the transverse momentum distribution of the D° candidate where
bootstrapping has been used to compute the central value and uncertainties in each
bin of the ReDecay histogram. The error bars are visually substantially larger than
those seen in the naive treatment, depicted in Figure 4.7. The resulting pull plot
follows the expectation and the pulls are now approximately distributed according
to a unit Gaussian distribution. The correlation matrix, shown in Figure 4.11 as
well, reveals very large correlations between neighbouring bins, which is caused
by all events only populating a small range in D transverse momentum if they
stem from the same original event (see Figure 4.10). On the contrary, the same
distribution for the KT, shown in Figure 4.12, is visually very similar to the one
using naive uncertainties. The correlation matrix shows that instead of having very
large correlations with neighbouring bins as seen for the D°, small correlations to a
wide range of bins is seen (see again Figure 4.10). The overall importance of such
small correlations is generally low, making the ReDecay approach especially powerful

if the observables comprise final state quantities.

Having the bootstrapped uncertainty, it is possible to compute the fraction of
nominally produced events that would be necessary to achieve the same statistical
precision as the bootstrapped ReDecay sample. Again, this number will depend on

the application. Thus, the following is just a discussion for the simple case of filling
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Fig. 4.12: Transverse momentum of the K™. For the ReDecay sample, the bootstrapped values
(see Equation (4.5)) are plotted and used in the computation of the pull plot. The correlation
matrix between the individual bins is shown on the right. A projection of the distribution of
the pulls compared to a unit normal distribution is also given.

the simulated data into histograms (where the equivalent number is sensitive to the
chosen binning scheme). This fraction f,, can be computed by requiring the same

relative precision in ReDecay and equivalent nominal sample in each bin:

Ne
Ne

_ Y Neqi _ S (VEolS)?
YN XN

O_BS
77; d7'
q — rd,? = f

BS
qai Nrd,i

(4.7)

The equivalent fraction multiplied by the increase in speed can be understood as a
measure for the effective increase in speed, factoring in the lower statistical power
of ReDecay events. Equivalent nominal event fractions are given in Table 4.2 for
several of the variables already shown before. For the first four variables, which are
commonly used in event selections or as the independent variable when calculating
efficiencies, values above 70% are found, meaning that an equivalent nominal sample
would be required to have almost the same size as the ReDecay sample while being
15 times slower to produce. Even for the transverse momentum of the D°, the
equivalent fraction is slightly larger than the necessary 1/15 required to benefit from
the ReDecay approach. This is caused by the slight variation in the D" kinematics

in each decay.

4.4.5 Summary and impact

The ReDecay approach has been implemented and validated. Extensive studies into
the treatment of statistical uncertainties due to the correlation among different events
have been performed and reveal that while the problem is manageable through the use

of pseudo-samples, it is expected to be of minor importance for many measurements,
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Tab. 4.2: Fraction of nominally produced events f., required to achieve the same statistical
precision as a ReDecay sample (i.e. if the ReDecay sample contains N events, f,,N events
produced without ReDecay are required for reaching the same statistical precision). Multiplying
this fraction with the increase in speed of a factor 15, an measure for the effective increase is
also given (which accounts for the lower statistical power of ReDecay samples). As described
in the text, f,, and hence the effective speed-up depend on the application, example values are
given for different variables and for 100 and 200 bins separately.

. oq | %0 Effective speed-u
Variable 14, biflsq [2(])0 bins | 100 bins I2)00 bifs
m(D") 82 90 12.3x  13.5x
In xip(KT) 81 89 12.2x 13.3x
Track x° 80 89 12.0x 13.3x
pr(KT) 72 83 10.8% 12.4x
pr(D°) 8 11 1.2x 1.6x

which mostly rely on final state quantities in the simulation. One such case where
ReDecay is already successfully used is the estimation of efficiencies as a function of
phase-space variables in multibody decays: an analysis determining the amplitude
model (see Section 2.4) for D — K™K 77" uses a ReDecay sample to determine
the reconstruction and selection efficiencies as a function of five invariant mass
combinations of the final state particles, which together describe the full decay.
For further validation, a nominal sample with otherwise identical settings has been
generated as well. Each of the samples contains 9,000,000 selected events, many
more than the samples used in the studies presented above. Comparisons are given
in Figure 4.13. Despite the use of naive v/N errors, the pulls follow a unit normal
distribution, underlining that ReDecay is a powerful and almost cost-free method to
generate samples for analyses that need to obtain something from simulated data as

a function of variables depending on final state particles.
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Fig. 4.13: Distributions of the five variables describing the phase-space of D° - K"K nn™
decays. Uncertainties are computed using the naive v/N approach. Also shown is a projection
of the distribution of the pulls compared to a unit normal distribution.
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A motivation for the measurement of charm meson production cross-sections, espe-
cially at different centre-of-mass energies, has already been given in Section 2.2. This
chapter presents the measurements of these cross-sections at two different centre-of-
mass energies: /s = 5TeV [2] and /s = 13 TeV [1]. While both measurements follow
a similar approach, they constitute separate measurements performed about one year
apart. In the interest of readability, this chapter gives a unified description making a
distinction between the two measurements only where necessary. To this end, all
shown /s = 13 TeV figures visually deviate from the published ones as they have

been recreated using the styling of those at /s = 5TeV to achieve visual uniformity.
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Tab. 5.1: Branching ratios for the different modes. Quoted uncertainties are propagated as
systematic uncertainties in this measurement.

Mode B (%] Ref.

D= K ot 3.884+0.05 [77]
DY — K rntrt 913+£0.19 [77]
Df — ¢nt 2.2440.13 [103]
D= D%t 677405  [77]

In the following, a general overview of the analysis is presented, highlighting the

individual components entering a cross-section measurement.

5.1 Analysis overview

Charm mesons produced at the pp collision point, either directly or as decay products
of excited charm and charmonium resonances, are referred to as promptly produced.
The goal of this analysis is the measurement the double-differential cross-sections of
various promptly produced charm meson in bins of transverse momentum and rapidity,
(pT,y), using data recorded by the LHCb experiment. The analysis reconstructs and
selects the various charm decays, extracts the size of the prompt signal component
N, and then computes the efficiency € of each step, from the geometrical limitations
imposed by the LHCb detector acceptance and the event selection applied in the
trigger to the selection requirements. Combined with a measurement of the collected
integrated luminosity £ and the branching fraction B of the decay mode f in question,
the cross-section for a single charm meson H, in a given (pr,y) bin ¢ can be computed

as:

Ui(HC o Ni(Hc_> f)

)= G DB > L (5:1)

Double differential cross sections can then be determined using the width of the
bin in pp, Apyp, and the width of the bin in rapidity, Ay, in which the yield and

efficiency measurements are made:

&o(H,)|  o,(H,)

- . 5.2
dedyi AppAy (5:2)

Both the 5 and 13 TeV analyses measure this double-differential cross-section for
D° DT, D}, and DI mesons using the final states D’ K nt, DY K ntr™,
Df = (¢— KYK " )r" and D't — (D — K 77)n" respectively. The respective
branching fractions are given in Table 5.1 and taken from Ref. [77] with the exception
of the D} measurement, which instead of determining the resonant contribution
to the amplitude, the fraction of DY — K~ K17 decays with a K~ K invariant
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mass in the range 1000 < m -+ < 1040 MeV/c? is used and its branching fraction
is taken from Ref. [103].

The width of the rapidity bins used in the measurement is 0.5 units in the range 2.0 <
y < 4.5. The pp range is 0 < pp < 10 GeV/c for the 5 TeV and 0 < pp < 15 GeV/c for
the 13 TeV measurement, separated into 1 GeV/c-wide bins with the exception of the
1 < pt < 4GeV/c range for 13 TeV where a width of 0.5 GeV/c is used. In addition
to the double-differential cross-sections, which form the main result, several derived
results are obtained, most importantly estimates for the integrated cross-sections

and the ratios Ri3/5 and R;3,7; between different centre-of-mass energies.
Combination and propagation of uncertainties

When computing the uncertainty on a function f(a), the assumptions of linear
error propagation may not hold, namely that a linear approximation is sufficient to
describe the function over the range covered by the uncertainty. In this analysis,
the uncertainties on the quantities in the denominator of Equation 5.1 can be large
(exceeding a relative uncertainty of 10%) in some (pr,y) bins, thereby making a

linear approximation of ¢, insufficient.

Instead of using this analytical approach, these measurements employ a Monte Carlo
error propagation technique. With this, ten thousand random numbers are sampled
from a suitable probability density function (PDF) for each quantity appearing in
the analysis, and operations are performed for each of these numbers row-by-row.
Statistics such as the mean and standard deviation can then be computed on the
resulting set. For inputs common to multiple bins or mesons, e.g. the luminosity,
only one set of random numbers is sampled, persisted and reused, rendering the

correct treatment of arising correlations due to common inputs trivial.

Unless stated otherwise, each quantity to which an uncertainty is assigned is modelled
as a normal distribution, N(u, o), whose mean p is the value found by the appropriate
procedure, and whose standard deviation ¢ is taken as the uncertainty on that
value. In the case of the prompt signal yield, for example, the mean of the normal
distribution is the fitted value, and the width is the uncertainty returned by the
fitter. An illustration for the obtained posterior distributions is given in Figure 5.1.
When converting these posterior distributions back into values for the cross-section,
the central value is given by the most probable value estimated by building a
kernel density and the lower and upper uncertainties are given by the 16% and 84%

percentiles, respectively.
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2.0 < pr < 3.0 GeV/c? Stat.
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Fig. 5.1: Distribution of the posterior probability for one (py, y) bin in the differential Dj—>
(p— K+K_)7r+ measurement, illustrating the asymmetric distribution due to large uncertainties
in the denominator.

Chapter structure

The structure of the remaining chapter is given by the ingredients of the right-hand
side of Equation (5.1). The used datasets and thus the integrated luminosity £ are
discussed in Section 5.2, including details on the running conditions of the LHC, the
trigger strategy, and the simulated samples that are used. The selection applied to
the candidates follows in Section 5.3, including a brief description of how the charm
hadron candidates are reconstructed. The fitting framework that determines the
yields of the various signal and background components after the full selection are
shown in Section 5.4, and in Section 5.5 the efficiencies of each reconstruction and
selection stage are described and given. The sources of systematic uncertainty in the
analysis are listed and evaluated in Section 5.6. Finally, the measured cross-sections

are discussed in Section 5.7, followed by a description of the impact in Section 5.8.

5.2 The datasets

The datasets used for the measurements were recorded during 2015 using the same
trigger strategy with the detailed implementation and selection criteria being the
topic of the following section. Nonetheless, the used LO trigger is relevant for the
description of the datasets. The studied decays are solely comprised of hadronic
particles and thus the only viable trigger options have to either rely on the calorimeter

information or select events randomly. The former option requires difficult data-driven
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approaches when evaluating the absolute efficiencies due to inaccurate simulation of
the calorimeter based hardware trigger. Therefore, the latter option was chosen by
selecting events randomly on bunch crossings at a constant rate of about 300 kHz.
This kind of trigger simply selects a subsample of all available data in an unbiased
way and is thus referred to as a NoBias trigger. The known LHC fill structure
determines the total number of beam-beam crossings (the number of colliding
bunches) Neoi. bunches; Which is then combined with the NoBias rate Ryogias 10 give

the effective efficiency of the L0 trigger €, for a given fill;

R .
NoBias (5 . 3)

€Lo = )
NCOH. bunches fLHC

where fiyc is the bunch revolution frequency, taken to be 11.246 kHz. The overall
efficiency of the LO trigger is then determined as the luminosity-weighted average of

the efficiencies for the individual fills :

oL
ey = 2l 0:L (5.4)

Zﬁlls El

The effective luminosity used is then given by:

Eeff. - €L0 . Z ,CZ . (55)

fills

The luminosity for both datasets described in the following has been measured using
a beam-gas imaging technique [104]. Additionally, the data were recorded with the
magnetic field of the LHCb magnet pointing downwards (and thus bending particles
along the LHC curvature).

The 13 TeV dataset

The 13 TeV dataset was recorded over a two week period in the summer of 2015 that
is commonly referred to as the early measurements period. During this period, the
LHC was slowly being ramped up after two years of upgrading and maintenance and
thus running at a comparably low number of colliding bunches which were spaced
50ns apart. Unfortunately, the LHC did not perform as well as hoped with only five
fills being usable for analysis resulting in about a factor of ten less recorded data
than anticipated while planning this measurement and tuning the event selection.

These five fills are summarised in Table 5.2 and sum to a luminosity of:

L= (4.9840.19)pb " . (5.6)
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Tab. 5.2: List of fills used in the /s = 13 TeV analysis, the integrated luminosity (“lumi.”)
collected in the fill, the number of colliding bunches at LHCb Ncg) bunches during the fill, the
LO NoBias rate during the fill, and the corresponding effective LO efficiency (“eff.").

Fill Lumi. collected  Ncon punches L0 NoBias rate L0 NoBias eff.

3976 (628 +24)nb! 108 250 kHz 20.58 %
3981 (1101 +43)nb ! 246 300 kHz 10.84 %
3988 (931 + 36)nb! 246 300 kHz 10.84 %
3992 (1310 +£51)nb~} 397 350 kHz 7.84%
3996 (999 + 39)nb ! 397 350 kHz 7.84%

Using the information on the fill structure €, = 10.67% is obtained, resulting in an

effective luminosity of:
Log = (5314+21)nb " . (5.7)

For reference, the cross-section measurements performed at /s = 7TeV [27] only
used around 15nb~", i.e. ~ 3% of the 13 TeV luminosity, allowing for a far more

precise measurement.
The 5 TeV dataset

The 5 TeV dataset was recorded over a weekend in November 2015 in preparation for
a proton-lead run. Compared to the ‘early measurements’ period, the nominal Run
2 conditions were used with a bunch spacing of 25ns and a much larger number of
bunches circulating in the machine. A total of three fills were performed, which are

summarised in Table 5.3. In total, these three fills have a combined luminosity of:
L =(8.60%0.33)ph " . (5.8)

However, with a NoBias efficiency of just €, = 1.86%, this results in an effective

luminosity of:
Loz = (161 +£6)nb " | (5.9)

which is about three times less than what is available for the 13 TeV measurement

but still ten times more than was used to determine the cross-sections at 7 TeV.

5.2.1 Simulated samples

Simulated samples are necessary to obtain most of the efficiencies in the mea-
surement. Therefore, samples for D™ — K 7"n", DFf - K" K7t and D*" —

(D" — K~ n")xt decays have been generated. A sample for the decay DF — (¢—
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Tab. 5.3: List of fills used in the /s = 5TeV analysis, the integrated luminosity (“lumi.”)
collected in the fill, the number of colliding bunches at LHCb Ncgji bunches during the fill, the
LO NoBias rate during the fill, and the corresponding effective LO efficiency (“eff.").

Fill Lumi. collected  Ncon punches L0 NoBias rate L0 NoBias eff.

4640 (1.80 £ 0.07) pb~! 1248 300 kHz 2.138 %
4643  (4.49 +0.17) pb 1486 300 kHz 1.795 %
4647 (2.31 £ 0.09) pb~! 1486 300 kHz 1.795 %

K"K )rt is then obtained by selecting the window in the di-kaon mass analogous
to the real-time data selection. Furthermore, no dedicated sample is needed for
D’ — K nt: the D*" — D% sample already contains the decay, and potential
differences in the D° kinematics are irrelevant due to the double-differential na-
ture of the measurement. Four million events were generated per decay and per
centre-of-mass energy. To populate the high pp region in the 13 TeV measurement
up to 15GeV/c, an additional two million MC events were generated per decay
where the generated meson is required to have pp > 10 GeV/e. In all samples, all
decay products were required to be in the acceptance of LHCb, which is defined
as 10 < 0 < 400 mrad. As described in Section 4.2.1, this requirement is imposed
to save computing resources by reducing the number of events that are needlessly
passed through the expensive detector simulation as they cannot be reconstructed

due to one of their decay products being outside of the detector.

In the following, unless otherwise stated, the simulated decays that are used to
study the efficiencies are truth-matched. Truth-matching refers to the use of the
true particles produced by the generator to identify true candidates in the simulated
sample, which can have backgrounds just like real data, albeit at a much lower rate.
LHCb performs the truth-matching by searching for track and generated particle
combinations, where the overlap between the hits used in the track fit and the hits
produced by the true particles is at least 70%. Three possible outcomes of the

truth-matching procedure exist for the candidates, illustrated in Figure 5.2:

1. Candidates where the child tracks are matched to truth-particles of the correct
type and the matched true particles all stem from the same and correct parent
and in turn comprise the full set of true children (not counting radiative
photons). Such candidates constitute the vast majority of all reconstructed
candidates in the sample and are referred to as truth-matched signals.

2. Candidates where the child tracks are correctly matched to true particles that
stem from the same parent. However, this parent then either does not match
the correct one or has additional true decay products not associated to the

reconstructed decay. Decays such as this are referred to as partial backgrounds,
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Fig. 5.2: lllustration of the three dominant types of candidates in the simulated samples as
described in the text based on truth-matching. The different components in these plots are
stacked. To enhance the clarity of these plots, the simulated samples for 5 TeV and 13 TeV are
merged.

typically characterised by a shape with negative slope in the mass window of
interest due to missing energy.
3. Candidates where no matching true particle for a reconstructed track is found,

in which case the candidate is referred to as a ghost.

However, given the truth-matching procedure, it is possible that true signal candidates
fail the matching by chance and are incorrectly rejected. This can be seen clearly in
Figure 5.2 where the ghost contribution is dominated by true decays with a shape
very similar to that of the signal. When using the simulated samples to compute
efficiencies based on truth-matched candidates, a correction factor pr.,, needs to be

computed to account for and correct this effect.

5.3 The event selection

The presented measurements are the first charm measurements using the novel
TurboStream approach, which allows the direct analysis of candidates from the
trigger. Therefore, a large part of the selection criteria that are employed to select
the signal as cleanly as possible is implemented in the HLT?2 lines of the trigger.
Before those criteria are discussed, an overview of the used variables and their

definition is given.

5.3.1 Selection variables

In the following, definitions for selection variables commonly used by LHCb and

utilised in this analysis are given.
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Child and parent x%
The impact parameter (IP), with respect to the primary vertex (PV), is the
distance of closest approach of the track, extrapolated to the PV, as shown in
Figure 3.3. Prompt stable particles produced directly from the pp collision will
have a low impact parameter, whereas particles produced in long-lived charm
decays will not generally have trajectories pointing back to the PV, and will
therefore have large impact parameters.
The ‘x? is computed as the absolute difference of a vertex fit with and without
the particle in question. If the particle truly stems from the vertex, the fit
v? only changes due to the added degree of freedom and thus the difference,
quoted as Yip, is expected to be around one.

Kaon and pion PID
Particle identification information is obtained as the combined response of the
calorimeters, muon stations, and RICH detectors. In this analysis the DLL set
of PID variables is used. A definition of these variables is given in Section 3.3.2.

Pairwise child distance of closest approach (DOCA)
For a set of tracks physically originating from a common vertex, the largest
distance between any two tracks, the DOCA (for distance of closest approach),
should be small.

Pairwise child DOCA x?
This variable is used in one trigger line and relates to DOCA as X%P relates to
IP.

Parent vertex displacement
Displacement of the decay vertex from the production vertex, assumed to be
the PV, as either the reconstructed decay time c7 or the vertex displacement
XQ, where the latter is computed in the same way as the track X%P. The ° Xz, is
computed as ATSTTA| where A is the difference in the spatial positions of the
two vertices, and X is the sum of the covariance matrices of the two vertex fits.

Parent direction angle (DIRA)
If the decay products are chosen correctly, and the decay vertex position is
correctly reconstructed, then the momentum vector of the parent should point
in the same direction as the displacement vector between the decay vertex
and the assumed production vertex. The angle between the momentum and
displacement vectors, called the direction angle (DIRA), should be small for
a correctly reconstructed signal decay. (It is the cosine of the direction angle
that is usually called “DIRA”, which should be very close to 1 for a correctly

reconstructed signal decay.)

These variables, together with the information on the four-momenta of the particles,

are available in the trigger reconstruction which this analysis relies on. The following
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Tab. 5.4: Requirements made on the track that fires the HLT1 trigger line.

Variable  Requirement

DT > 800 MeV
P > 3GeV
Track X2 <3
VELO hits >9
Xip > 10

section will describe how they are used to select the four different decays in the

trigger.

5.3.2 Online selection in the trigger

For this measurement, dedicated triggers have been developed for the HLT1 and HLT2
step, which have been used exclusively for the discussed cross-section measurements
and have been inactive during the nominal Run 2 data taking. As previously

mentioned, the LO trigger is replaced by a random triggering on bunch crossings.

The procedure applied in HLT1 has already been discussed in Section 3.3.5. The
selection criteria for this trigger are given in Table 5.4 and their goal is to identify
events with a track that could potentially stem from one of the studied decays.
Requirements on p and pr are made since higher momentum kaons and pions, which
comprise the final state in this analysis, are more likely to stem from the decay of
a heavy particle like a charm meson. The requirements on the track X2 and the
number of hits in the VELO are imposed to suppress ghost tracks. Lastly, the
studied charm mesons all have a long-lived component in their decay chain, either
themselves directly in the case of the D°, D™ and D} or the D in D*" — D%
decays. Therefore, the tracks are required to have a large X%P with respect to all
primary vertices, implying they are incompatible with having been produced directly

in the pp collision.

Once an event has been triggered by the HLT1 line, several HLT2 lines are run to
build and select the signal decays. Three distinct lines are used. One of these lines
constructs D*— K~ 7" decays and the applied selection criteria are given in Table 5.5;
while the two three-body decays D™ — K ntn" and DI — K~ K7 are, due to
their similarity, selected by a common HLT?2 line that selects all DT, — h™hTh™
decays, split into the different invariant mass windows of the DT and DI and
final state particle hypothesis. The selection criteria are listed in Table 5.6. As
described before, this measurement only uses those DI — K~ K t7" decays where
1000 < m- .+ < 1040 MeV/cQ. This requirement is not included in the trigger
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Tab. 5.5: Selection requirements made in the D°— K™z HLT2 trigger line.

Particle Variable Requirement
pr > 250 MeV
+ -+ P p > 2GeV
K
T Track y? <3
Xip > 16
n* DLL_, <5
K* DLL >5
m(K ") 1784 MeV < m < 1944 MeV
K* to 7° DOCA < 0.1mm
D° Vertex fit X2 < 10
Direction angle > 0.99985
Vertex displacement x> > 49

lines but applied manually later on. Lastly, D*" candidates are built by taking
D — K~ 7" candidates that have been selected and then adding additional tracks
of opposite charge with respect to the kaon. The sum of pion and D° masses is only
5MeV/c® smaller than the mass of the D*", and thus the pion in the D*" — D"
decay tends to be very soft and is often referred to as the slow pion. At this low
momentum the performance of the particle identification system is poor. Therefore,
even though the added track is referred to as a pion track, no actual PID requirements
are imposed. The ‘correct’ pion is later identified when estimating the signal yield,
as only the correct choice will lead to a peak in the m(D*") — m(D") distribution.

The additional selection criteria imposed onto the 7 and D" combination are given
in Table 5.7.

5.3.3 Offline selection

Additional selection criteria are applied on top of those in the trigger to improve
the purity. This is especially necessary for the three-body decays where a large
combinatorial background remains after the trigger, illustrated in Figure 5.3 for
DT — K 7"x". The final-state particles of the D°, D™ and D candidates are
required to be within 3 < p < 100 GeV/c and 2 < i < 5 to achieve a good performance
of the PID system. Furthermore, the PID requirement for pions is tightened to
DLLg_, < 3. To further reduce the background in the three-body decays, the vertex
fit \? is required to be less than 6 and their DIRA must exceed 0.9999.

Figure 5.3 illustrates the power of these additional selection criteria. While D’ —
K~ 7" barely changes and displays a very clean sample online and offline, the

additional requirements substantially clean up D* — K 77x". With the full
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5.3 The event selection

Tab. 5.6: Selection requirements made in the three-body HLT2 lines. The lines are split into
D" — K n"x" and D;r—> K~ Kt7" decays according to the mass window. Criteria of the

form x > xq, X», X3 require that all particles satisfy x > x;, at least two satisfy x > x,, and at
least one satisfies x > x3.

Particle Variable Requirement
pr > 200, 400, 1000 MeV
m, K Trafk X2 g ><2 S v
Xip > 4,10, 50
= DLL, , <5
K* DLL, , >5
D* m(h~hth") 1789 MeV < m < 1949 MeV
Df m(h~hth") 1889 MeV < m < 2049 MeV
Vertex fit > < 25
DY /Df Direction angle > 0.9994

Vertex displacement VDy? > 16 AND 7 > 0.150 ps

Tab. 5.7: Selection requirements made on HLT2 D*" candidates.

Particle Variable Requirement
ot pr > 100 MeV
Track x* <3
D+ m(D*T) —m(D°) 130MeV < m < 160 MeV
Vertex fit X2 <25
Online Online
I Offline I Offline

1820 1840 1860 1880 1900 1920 1820 1840 1860 1880 1900 1920
m(K~n*) [MeV/c?] m(K~nrnt) [MeV/c?]

Fig. 5.3: lllustration of the online and offline event selection in a two-body decay (D0—> K nt,
left) and three-body decay (DY — K 7z, right) in 5 TeV data.
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selection defined, the next section discusses the estimation of the prompt signal

yield.

5.4 Fitting — Extracting the prompt yield

The number of signal events in each (pr, y) bin needs to be estimated by distinguishing
it from two distinct backgrounds: combinatorial background and secondary charm
decays, which originate from the decay of a heavy b-hadron. These are two very
different backgrounds that cannot be resolved by a simple one-dimensional fit to one
quantity. The invariant mass of the decay products is ideally suited to distinguish
signal and combinatorial background while having no sensitivity to separate prompt
and secondary signal decays. It has already been mentioned that the impact parameter
or derived quantities like X%P are well equipped to distinguish prompt and secondary
production; however, the combinatorial background distribution is hard to discern.

Therefore, a multi-step fit procedure is employed that is described in the following.

5.4.1 The fit procedure

The number of fully selected prompt signal candidates, for a given charm hadron in
a given (pr,y) bin, is determined by a one-dimensional binned extended maximum
likelihood fit to the charm hadron In3p distribution in a signal region in the
meson invariant mass of the fully selected dataset. To control the combinatorial
background in this fit, its shape is constrained using mass sidebands and its yield
is constrained from a prior fit to the invariant mass distribution. In case of the

D*t| instead of its invariant mass, the difference between the D** and D° mass

om=m(K 7" n") —m(K 7") is used.

The ‘signal region’ in each long-lived charm hadron mass distribution is defined
as a 40 MeV/c*-wide window centred on the nominal rest mass of the respective
meson, taken to be m o = 1864.84 MeV/e®, m+ = 1869.61 MeV/c?, and m,+ =
1968.30 MeV/c* [77]. The ‘lower sideband’ is a 20 MeV/c*-wide window centred
50 MeV/C2 below the centre of the signal window, and the ‘upper sideband’ is a
20 MeV/c*-wide window centred 50 MeV/c® above the centre of the signal window.
For the D*" measurements, the ‘signal region’ is defined as a window of 6 MeV/c2
width, centred on the nominal dm value of 145.43 MeV/c? [77]. The ‘upper sideband’,
or just ‘sideband’, as a ‘lower sideband’ region is not defined, is defined as the region
from 4.5 MeV/c* to 9 MeV/c* above the centre of the signal region. As an illustration,
the sidebands and signal region are highlighted in Figure 5.4 for each of the decays.
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Fig. 5.4: lllustration of the signal and background regions for the different decays.

For the fit, different probability density functions (PDF) are identified for the different
species and the total PDF is obtained as their sum, weighted by the respective yields:

f(m or 6m> = Z Nspecies ' fspecies(m or 5m) (510)

species

5.4.2 Separating combinatorial background — The m/dm fit

The main goal of this first fit is the separation of the combinatorial background as
promptly and secondarily produced mesons have the same distribution and cannot be
distinguished. Therefore, they are treated as one species in the fit. Additionally, the
two different backgrounds in the dm fit, combinatorial background and background
where a true DV is paired with a random pion, are assumed to be indistinguishable

and no effort is made to separate them.

For every D°, D' and DY fit, the background PDF is taken to be a first-order
polynomial, and the signal PDF is decay-dependent and given in Section 5.4.4. In
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the D*T fit, the background in the ém fits is an empirical function of the form:
R(6m; 6mg, A, B) o< €™ - (6m — dmg)*, (5.11)

which has been found to describe the background well, but is not motivated by any

physics reason.

One such PDF, f(m) or f(dm), is constructed per (pr,y) bin, and the likelihood is
formed as the product of these such that each bin is fitted simultaneously when the

negative log-likelihood is minimised.

It can be seen in Figure 5.4 that the signal window does not cover all of the visible
peak in the m or dm distributions and thus the requirement is not 100% efficient for
signal events. Therefore, its efficiency €4, is evaluated by integrating the fitted
m or dm PDF over the signal region in every (pp,y) bin. The uncertainty on the
parameters of the PDF obtained from the fit is taken into account by performing
pseudo-experiments. In each of these experiments, new values for the parameters
of the PDF are randomly drawn from a multinomial distribution that uses the
central values obtained from the fits as the means and the full covariance matrix to
describe the correlations between the parameters. This results in one value for the
integral over the signal region per pseudo-experiment. The central value and the
uncertainty of g4, are then obtained by taking the mean and standard deviation
over all samples. As the shape of the signal PDF is allowed to vary between different
(pT,y) bins, values are obtained for each bin ranging from 97% to 99% for the m
and 91% to 99% for the dm fits with relative uncertainties ranging from 0.1% to
0.9%. These uncertainties are later propagated as systematic uncertainties on the

measured cross-sections.

5.4.3 Separating secondary charm — The In x}p fit

In the second fit, performed in the signal region as defined above, all three species
can be distinguished and hence are described as individual contributions to the total
PDF. While the signal is expected to peak at zero in In X%P and the secondary charm
generally populates the large In X%P region, it is a priori not clear what shape is
appropriate to describe the combinatorial background. Therefore, a data-driven
approach is used: the data in the mass sidebands are used to construct templates for
each (pr,y) bin. This non-parametric distribution is then fitted with only the yield
being left free to float in the Iny fit. This approach necessitates that the In yip
distribution in the sidebands is representative for that in the signal region. Figure 5.5
shows two exemplary distributions, comparing the higher and lower sidebands for
two (pr,y) bins for D° - K 7" and Dt — K 777", The two sidebands are

in good agreement, thus supporting the assumption that the region between the
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Fig. 5.5: Comparison of the distribution of In X|2p in the high and low mass sidebands for two

exemplary (pr, y) bins of D°— K 7" and D™ — K 7wt a™". This data is used to construct a

template for the combinatorial background shape in the In X|2P fit.

sidebands also shows a similar behaviour. Furthermore, Figure 5.5b motivates the
non-parametric data-driven approach as it reveals a complicated two peak structure,
which would be challenging to model with analytic shapes. To construct the templates
for each bin, the events in the sidebands are used to build a smooth distribution by
creating kernel density estimates (KDE) [105]. The constraint on the background
yield for each bin is applied by multiplying the likelihood by a normal distribution
whose mean is the number of background candidates N measured by the mass fit
and whose width is the uncertainty on N returned by the fitter with an additional

term accounting for fluctuations of N itself.

The prompt signal component in the In y?p fit is modelled by a modified normal
distribution H. This modified distribution is allowed to have an asymmetric width

around the mean and its tails are described by exponential functions:

(

2
exp(%+prits) @ <p—(pro(l-e)

2
exp —<%) p—(pro(l—e)) <z <p
H(x;ﬂa0-7€7pLapR) X (512)

2
exp —(%) p<z<p+(pro(l+e))

2
exo (%= pngiss) w2+ (ool +6)

where x represents In X%P. This function differs from a standard normal distribution
by the asymmetry parameter ¢, which skews the peak of the distribution, and p; g,
which describes the position where the exponential tail begins in units of the width

on each side of the mean. The secondary distribution is described by a normal
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Fig. 5.6: Prompt and secondary signal from a simulated sample for D° at 5TeV. The plotted
curve is the sum of the individual prefits performed in each (pt, y) bin.

distribution. In the interest of a stable fit it is important to note that the signal
shape reduces to the secondary shape for ¢ = 0 and large values for |py z|. This
introduces ambiguities in the fit as prompt and secondary contributions might swap
and thus some of the parameters need to be kept constant to achieve a converging
fit. Therefore, these parameters are determined in ‘prefits’ to simulated data that
have been split into prompt and secondary events. An example of these prefits is

given in Figure 5.6.

5.4.4 Mode-specific details — D? ain't DY

The four decay modes studied in this measurement differ in their m, m and In xip
distributions and thus require slightly different settings for the shapes and especially
the parameters, which can either be split or shared in different (pp,y) bins as well
as floating or fixed to their prefit value. The settings have been determined by
trial-and-error, testing different combinations until the fit for the specific decay
converges and describes the data well. Fortunately, the same settings can be used
for fitting the 5TeV and 13 TeV data.

Details for D°— K ="

In the mass fit, the signal shape is the sum of a normal and a Crystal Ball [106]
distribution, with a common mean but different widths. The mean and width of the
signal mass PDF are split across (pt,y) bins, as is the slope of the linear background
PDF. For the In X%P fit, the mean and width of both the prompt and secondary
signals are split between different (pr,y) bins and allowed to float in the fit. All
remaining parameters of the prompt In xip shape are fixed to the values obtained

from the prefits.
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Details for D™ — K #ntn™

The setup is near-identical to that used for the D° — K~ 7" fit, with the only change
being the parameters split between different (p,y) bins in the In Yip: Only the

means of the prompt and secondary signal distributions are split.
Details for D} — (¢ = K"K )n"

Compared to the previous two modes, it is sufficient to use the sum of two normal
distributions, sharing a common mean but allowed to have different widths, to
describe the signal contribution in the mass fit. In this fit, all parameters are split
between different (pr,y) bins. The mean and width of the signal mass PDF and
the slope of the background mass PDF, along with the mean of the In X%P prompt
signal PDF, are split across (pr,y) bins. During the final In Yip fit, only the mean of
the prompt signal In y?» PDF and all parameters of the secondary PDF are floated,

everything else is fixed to the values obtained in the prefits.
Details for D*" — (D°— K nt)n™

For the om fit, the signal PDF is the sum of three normal distributions, sharing
a common mean but allowed to have varying widths. To enhance the stability of
the fit and avoid ambiguous solutions, the widths are configured in cascading order.
Only the width of the widest component of the signal model and the parameter A
for the background are split across (pr,y) bins. As the D*' is an instantaneously
decaying particle, its X%P cannot be used to distinguish prompt and secondary signals.
Therefore, the DY In x3p distribution is fitted, where the mean of the prompt signal
In v? PDF are split across different (pt,y) bins. The same parameters as in the
D} — ¢t fit are floated.

5.4.5 Results

The starting parameters of the fits have been set to sensible values close to the
expected values in the mass fits and prefits. Starting values for the yields have been
estimated from the number of events in the mass sidebands, extrapolated to the
signal region and a 5% contamination from secondary decays is assumed. The fits are
required to converge with a good quality covariance matrix and inspected visually
to ensure a good description of the data. A selection of fits is shown in Figures 5.7
to 5.10 for the 5 TeV data and in Figures 5.11 to 5.14 for the 13 TeV data.

The individual bins have been chosen to illustrate the versatility of the fit, giving the
results for a (pr,y) bin with a large signal as well as one with a large background

contribution. The integrated fits shown are, in fact, not obtained by a single fit to

112



5.4 Fitting — Extracting the prompt yield 5 Charm pI'OdUCtiOIl at 5 and 13 TeV

Tab. 5.8: Prompt signal yields in the fully selected dataset, summed over all (pr, y) bins in
which a measurement is made. Only statistical uncertainties are given.

Prompt signal yield
13 TeV 5 TeV

25.77 £0.02) x 10° (34.4£0.7) x 10*
19.74 £0.02) x 10°  (27.6 £ 0.6) x 10
11.32 +0.04) x 10*  (13.240.1) x 10°
30.12 £ 0.06) x 10" (39.0 £0.2) x 10°

Decay

D= K ot

Dt K rntnt

Df = (¢p— KTK)r*
D= (D= K ah)xt

N N /N /N

the entire dataset, but rather display the sum of the individual per-bin fits, scaled
with the respective yields. While there is visible mis-modelling, especially for the D
fits in Figures 5.9 and 5.13 in the integrated fit, these are not statistically significant
when looking at the individual binned fits. Nonetheless, a systematic uncertainty

will later be assigned to account for this.

The total signal yield obtained by summing the individual per-bin yields is given in
Table 5.8. As can be seen, D° and DT contribute about one order of magnitude more
data to the analysis than D} and D*'. Furthermore, there is also a factor of ten
difference between the 13 TeV and the smaller 5 TeV dataset. This is hardly surprising:
assuming roughly the same efficiencies, one expects a factor of 3.3 difference due
to the lower effective luminosity and a factor of 13/5 & 2.6 difference due to lower

cross-sections. In the next section, those efficiencies are investigated and determined.
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Fig. 5.7: Fits for the D°— K77 fit at \/5s = 5 TeV.
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Fig. 5.11: Fits for the D° — K7 fit at \/s = 13 TeV.
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Fig. 5.12: Fits for the D" — K~z z" fit at /s = 13 TeV.
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Fig. 5.14: Fits for the D*" — (D’ — K~ ")x " fit at /5 = 13 TeV.
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5.5 Reconstruction and selection efficiencies

The last remaining ingredient in Equation (5.1) that is necessary to compute a
cross-section is the efficiency ¢; in each (pr,y) bin. This number combines all sources
that affect how many of the true candidates that are produced in all pp collisions
in a given data taking period enter the fit in the previous section. One such effect,
the signal window efficiency, has already been presented. This section will discuss
the remaining contributions, which can be broadly classified into two categories:
efficiencies that are evaluated from the simulated sample and those obtained using
data-driven techniques. The last category only comprises the efficiencies of the
PID selection as the modelling of the RICH detectors in simulation does not reach

sufficient precision.

5.5.1 Efficiencies from simulation
The efficiency from simulation can be split into multiple, factorising components:

€Simulation — 5(acc.|gen.) X 5(sel.|acc.) X Pgruth X ptracking ) (513)

where the first term, e(acc.|gen.), accounts for the efficiency of the generator level
requirement, which has been applied before the simulation of the detector to save
computing resources. The second component, e(sel.|acc.), encapsulates the efficiency
to reconstruct a candidate, the fraction of those candidates that pass the trigger
selection, and the final off-line selection. As the efficiencies for the PID system are
evaluated separately later on, any requirements made on PID quantities are removed
here. The third term, pi.n, corrects the previous term for inefficiencies in the
truth-matching of the simulated candidates (see Section 5.2.1) and, finally, the last
term, peacking, corrects for a mis-modelling in the track reconstruction efficiencies.
In the following, each of these components is discussed. While the next chapter
presents the treatment of more involved systematic uncertainties on the measured
cross-sections due to the efficiency determination from simulation, contributions
due to the limited sample size are already presented alongside the evaluation of the

efficiencies themselves.

The acceptance efficiency e(acc.|gen.)

To save computing resources, Section 5.2.1 already introduced a requirement of
10 < # < 400 mrad, which all final state particles in the true signal need to fulfil.
While this requirement is trivial for charm mesons with a transverse momentum
and rapidity in the central region of the measurement, significant fractions of the

mesons in the (pp,y) bins at the edge of the acceptance fail it and thus need to be
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corrected. While the requirement is added to save precious computing resources due
to the expensive detector simulation, the evaluation of its efficiency only requires
simulated samples at generator level, which can be produced very quickly. Therefore,
large samples have been generated and the efficiency is obtained as the fraction of

the true candidates that pass the selection.

The obtained acceptance efficiencies increase with increasing pr towards the central
rapidity region, reaching values compatible with 100%. In the lowest and highest
rapidity bin, the variation with pr is the largest and the acceptance drops to about
75% in the 2 <y < 2.5 and 4 <y < 4.5 bin at 0 < pp < 1 GeV/e.

When propagating the uncertainty to the cross-section, a binomial model is used
instead of a simple binomial approximation. This is necessary because the approx-
imation breaks down for very large or very small efficiencies when the number of
events is small, a scenario that is present at the edges of the pr and y region studied
in this analysis. Given an efficiency € and total number of events NN, the probability
to observe k events is given by the binomial distribution. Assuming a flat prior in

the efficiency, the PDF describing the efficiency becomes:
Ple)oce® (1-¢)" ",

which is also commonly referred to as the beta distribution B(a, 3) with o =k + 1
and = N — k — 1. When performing the MC error propagation, this PDF is used

to randomly sample values for the efficiency.
The selection efficiency e(sel.|acc.)

The reconstruction and selection efficiencies are estimated using the simulated samples
with a full simulation of the LHCDb detector. The denominator of the efficiency is
given by all generated events in the sample (which have to pass the generator
level selection) while the numerator is given by all reconstructed and fully selected
candidates (excluding the PID requirements). The resolution on the transverse
momentum of the charm meson in the simulated samples, obtained by comparing the
true and reconstructed momentum, is 0.6% while the same number for the rapidity
is only 0.2%. Therefore, the amount of migration between different (pr,y) bins when

going from generator to reconstruction level quantities is assumed to be negligible.

The selection efficiency shows the same general behaviour as the acceptance efficiency
described above, where the efficiency is lowest in the 2 <y < 2.5 and 4 <y < 4.5
bin at small pp, reaching values in the sub-per-mille range, and increases to 20% in
other regions of phase-space for the D° and 15% for the remaining mesons at 13 TeV.
Owing to the generally softer particles at 5TeV, the efficiencies are about 10%

smaller relative to those at 13 TeV. Uncertainties on those efficiencies are computed
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as described above, with relative uncertainties ranging from less than 1% in the
central pp and y region to values significantly exceeding 10% towards the edges of
the acceptance. As independent samples are used, this uncertainty is uncorrelated to
the acceptance efficiencies discussed before. Obviously, using the simulated samples
in this way requires a reliable modelling of the detector effects in the simulation.
While the two correction factors discussed in the following already address potential
disagreements, a more substantive validation of the simulated samples is performed
in Section 5.6.4.

The truth-matching correction factor p, 1

Section 5.2.1 already discussed the truth-matching procedure and demonstrated
that the truth-matching is not fully efficient for signal candidates. This is mostly
caused by events in which the track cannot be matched to a true particle. Any true
signal candidates that are falsely rejected, due to failing the truth-matching, bias
the efficiencies estimated from these samples to lower values. Therefore, a correction

factor pyen is derived.

Figure 5.15 shows the distribution of candidates that could not be matched to the
signal or constitute a partial decay chain. A clear peak consistent with true signal
can be seen in the rejected candidates. To estimate the number of signal events,
N, the distributions are fitted with the same setup as described in Section 5.4.2.
Only the dm fit for D*t candidates has been modified to use only the sum of two

normal distributions to model the peak. The correction factor is then obtained:

M, pass + N, fail

=_bP» - e 5.14
Ptruth Npa,ss ) ( )

where N,,q is the number of candidates matched as signal. In the Monte Carlo
error propagation, Np,e is modelled as a Poisson distribution while N, is a normal
distribution where the mean and width are set to the values from the fit. A normal
distribution is used to allow for non-poissonian uncertainties from the fit. Due to the
limited sample size of the simulated sample, the correction is assumed to be uniform
across all (pr,y) bins. The correction factor differs from unity by about 1.3% per
final state track with a relative uncertainty due to the size of the simulated sample
of about 0.2%.

The tracking correction factor p;,.cxing

The tracking efficiency itself, which is the efficiency of reconstructing a certain
track and usually depends on the track kinematics, is part of the selection efficiency
e(sel.|acc.). However, simulated samples are known to show differences in tracking

efficiencies with respect to real data [80], caused by slight differences in the detector
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Fig. 5.15: Fits to the candidates that fail the truth-matching to extract the correction factor
Prruth- 1 he data shown are comprised of all events in the simulated samples except those
that have been matched to the signal decay or are associated with a partially reconstructed
background. The plots use the 5 TeV simulated samples.

occupancy and hit efficiencies. This difference needs to be accounted for in a
measurement of absolute cross-sections. In order to measure this correction factor,
it is first necessary to estimate the tracking efficiencies themselves. A detailed
description for Run 1 is provided in Ref. [80] and a short summary is given in the

following.

All tracks used in this analysis are so called long tracks, which are built from and
are required to have hits in both the VELO and the T stations. Additional hits in
the T'T may be added to improve the momentum resolution; however, this is not a
requirement. To estimate the long track efficiency, Ji) — p" p~ decays are used in
a tag-and-probe technique. In this approach, one muon is used as a tag, which is
reconstructed like a normal long track. The probe muon is constructed primarily using
the information recorded by the muon stations in a way similar to the muon-based

LO trigger. A track constructed from muon hits alone is extrapolated upstream and
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Fig. 5.16: Tracking correction tables for the two running periods, obtained using a tag-and-
probe approach with J/i) — ;fr;f as described in the text and in more detail in Ref. [80]. The
uncertainties given are due to the limited sample size of the long and muon track calibration

sample. In the lowest p bin in (b) and lowest p high 7 bin, no calibration could be performed
so the correction factor is set to 1 and is assigned as the uncertainty.

a ‘kick’ is applied at the plane of the magnet such that the track points to the same
PV as the tag track. The tracking efficiency is then estimated by determining the
number of J/) — p" i~ signal events from a likelihood fit, once to the entire sample
and once to only those events where the probe track was successfully matched to a
reconstructed long track. Tracking correction tables are then obtained by applying
this method to both real data and simulated .J/i» — p" p~ decays and their ratio is
taken. As the tracking efficiency itself and thus the corrections also depend on the
kinematics of the tracks, the procedure is performed in bins of momentum p and
pseudorapidity 1 of the muon. The resulting tables are given in Figure 5.16 for the
two data-taking periods. In the following, a description is given how these tables are

used in cross-section measurement to calibrate the simulated samples.
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Weights are computed for every fully selected candidate in the simulated samples
to align the distribution in the number of tracks with that observed in data. For
each simulated and selected candidate, the tracking correction factor is computed
as the product of the final state particles’ correction factors taken from the tables
above. The final correction factor pyacking 18 then calculated as the weighted average
of the individual candidate factors using the weights aligning the track multiplicity to
data. As before, a value is computed for each (pr,y) bin and the obtained correction
factors are in the range of 1.02-0.97 (5TeV) and 1-0.95 (13 TeV) for the three-body
decays, with slightly smaller corrections for D°— K~ 7" as it is comprised of only
two tracks. The propagation of the statistical uncertainty in the correction tables
as well as additional uncertainties arising due to the application of a table derived

using muons to hadrons are discussed in Section 5.6.2.

5.5.2 Particle identification efficiencies

This analysis applies requirements on the PID response of the tracks comprising
the reconstructed candidate. As previously discussed, requirements are applied
on the DLL,_, property whose computation is described in Section 3.3.2. While
these requirements are quite loose and mainly intended to reduce the amount
of background making them efficient for signal events, their efficiency needs to be
determined nonetheless. However, the simulation of the RICH detectors is non-trivial:
the RICH response depends on the particles kinematics, the number of particles
traversing the detector in an event, and experimental conditions like temperature and
gas pressure, which may change over time during a data taking period. Therefore,
a data-driven technique is applied to estimate the efficiency of the requirements

imposed on pions and kaons.

The calibration method

The data-driven method employed in the cross-section measurement is described
in more detail in Ref. [107]. The starting point is a calibration sample containing
positively identified kaon and pion tracks that do not have any PID requirements
applied. The sample is then partitioned in variables that the PID response depends
on: the track’s momentum p and pseudorapidity 1, and the number of hits in the
SPD detector Ngpp as a measure of the detector occupancy. In each of these bins,

the PID efficiency of a selection is given by:

where C, is the total number of tracks and C; is the number of tracks passing the

requirement in the respective bin. The bins form a look-up table, which gives the
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probability for a track with given p and n as well as Ngpp to pass the PID selection.
Assuming the partition is fine enough such that the value of ; does not depend
on the distributions in the calibration sample, the constructed efficiency look-up
table can be applied to any other sample (henceforth called the reference sample) to

compute the efficiency:
1
EPID = EZ Rje; (5.16)
J

where R; is the number of events in the reference sample whose track is in bin j, and
R is the total number of events in said sample. However, the analysis presented here
has multiple final state particles with PID requirements. Therefore, the application
of the efficiency is done in a similar way to that of the tracking correction factor by

applying the calibration table per event:
1
epm =7 0w [, - (5.17)
j i

with the sum running over all events, w; is the weight of the j-th event in the
reference sample, and the product is taken over all decay products. This approach
includes the implicit assumption that the tracks PID responses are independent from
each other. Typically, the simulated sample is used as the reference sample. This
requires a good modelling of p and 1 as well as Ngpp in the simulation. As this is
not guaranteed, this analysis uses the fully selected (including the PID requirements)
data sample that is also used when extracting the signal yield from the In y3p fit in
Section 5.4. This is a valid approach if no region is completely excluded by the PID
selection [107]. As the PID selection has already been applied, the inverse of the
efficiency from the calibration tables is used to recover the number of events in the

reference sample before the cut and compute the efficiency:

R
-1 °
Z] w-] HZ g(pianivNSPD,i)

€PID = (5.18)

As the data sample does not contain pure signal events, the weight w; is extracted for
every event using the sPlot technique [108] applied to the In X%P fit. As the kinematics
of the decay products significantly depend on the kinematics of the parent, PID
efficiencies are computed separately for each (pr,y) bin. Systematic uncertainties
introduced into the measurement by this data-driven approach can be substantial

and are discussed in detail in Section 5.6.5.
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Creation of the calibration tables

Calibration samples for kaons and pions are extracted from D*t — (D°— K 7 )n ™"

decays which have been selected with a dedicated trigger line. Unlike the HLT2
line discussed in Section 5.3.2, which is used in the measurement, this dedicated
line accepts all events that have passed at least one LO and one HLT'1 line. This
leads to a substantially larger number of events compared to the dataset used for
the cross-section measurement and a negligible overlap between the two samples. To
extract the number of signal events in this sample (and at the same time identify
which of the two D° tracks is the kaon and which one is the pion), a two-dimensional
likelihood fit is performed in m (K~ 7") and ém. In this fit, both possible mass
hypotheses for the child tracks are considered. Due to the excellent resolution of
the LHCb detector, only the correct assignment produces the expected peak in the
distribution while the wrong assignment, if it even ends up in the fit range, cannot
be distinguished from true combinatorial background. The signal is modelled by the
sum of two normal distributions in both dimensions. The background consisting of
real D" — K 7" associated with the wrong pion is modelled with the same shape in

m (K~ n") while the ém part is modelled using:

m _q . ay dm >b
Blom) o d Vo L expliom) om = (5.19)

0 Sm<b

where b = 139.57 MeV/c? is fixed to the mass of the 7° and a is allowed to float
in the fit. Lastly, the combinatorial background in dm uses the same shape (with
independent parameters) and a linear polynomial for the background in m(K «™).
From this fit and using the sPlot technique, weights are computed which allow the
number of signal events to be determined. The yields C; and C; in Equation (5.15)
are then given by the sum over these WV for all events in the ¢-th partition of the

calibration sample, before and after any PID requirements are imposed respectively.

Figures 5.17 and 5.18 show the one-dimensional efficiencies in the calibration sample
as a function of p, n and Ngpp for kaons and pions, and for 5TeV and 13 TeV
respectively. The observed variation is strongest for kaons, which show a strong
dependence on p and n with a drop in efficiency towards larger values as the kaon
and pion hypothesis become harder to distinguish (and hence reduce the difference
of there likelihoods, DLLy_.). The pion efficiency shows only a small variation
as a function of the kinematics, which is hardly surprising because the selection
requirement of DLL,_ . < 3 accepts all tracks that do not look too much like a
kaon, and especially at large values of p or 7, the difference in velocity and hence
Cherenkov angle for pion and kaons of identical momentum is small. Comparing the

two datasets shows slightly different behaviour, especially in the low p and 7 region
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Fig. 5.17: One dimensional PID efficiency for kaons for DLL_,. > 5 in the calibration sample.
The alternating transparent and shaded area show the binning scheme used for the three-
dimensional efficiencies with the efficiency within those bins shown in orange. The efficiency
with a much finer binning is shown in blue, revealing the insufficient precision of the nominal

binning scheme.
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Fig. 5.18: One dimensional PID efficiency for pions for DLL,_, < 3 in the calibration sample.
The alternating transparent and shaded area show the binning scheme used for the three-
dimensional efficiencies with the efficiency within those bins shown in orange. The efficiency
with a much finer binning is shown in blue, revealing the insufficient precision of the nominal

binning scheme.
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with a better performance seen for 5 TeV. This is caused by a non-optimal calibration
and alignment of the RICH detectors being used during the early measurement data-
taking period. The data recorded during that period was used to optimise the
calibration for the remainder of the 2015 data-taking, including the 5TeV period.
Also indicated in the figure is the binning scheme in the respective dimension, which
is used to create the calibration tables. Bin boundaries have been placed to best
utilise the available calibration data, by adding fewer bins where the efficiency is

constant and adding more bins where the variation is large.

The actual definition of bin boundaries and how the efficiencies are computed in
each bin differs between the two measurements. In the classical approach used for
the 13 TeV results, the weights ,JV; obtained from the sPlot technique are used to
determine the numbers before and after applying the PID selection. The statistical
uncertainty in each bin is then given by a modified binomial uncertainty based on

Chapter 8.5 in Ref. [109]:

i jec;

2 1 Cz/ 2 Czlz 2
== |12 > oW +FZ R (5.20)
‘ Y jec;

Due to the nature of sPlot weights, which can be negative to subtract background
events, sparsely populated (p, 17, Ngpp) bins may have unphysical efficiencies if the PID
requirement removed more positively than negatively weighted events. Additionally,
binomial uncertainties do not correctly model the statistical uncertainty in this case.
To counter this behaviour, the binning scheme is required to keep a sufficient number
of events in each bin, enlarging bins especially in the low and high momentum
region. Following the idea of Monte Carlo error propagation when calculating the
PID efficiency using Equation (5.18), the statistical uncertainty in every calibration
table bin is propagated by generating a large number of toy calibration tables by
randomly sampling a new value for every (p,n, Ngpp) bin from a normal distribution.
The mean and width of this normal distribution are those obtained from the nominal
calibration sample as described above. This approach ensures the correct statistical

correlation of tracks falling into the same (p,n, Ngpp) bin.

For the 5 TeV measurement, the approach for filling the calibration tables for kaons
and pion has been modified. Owing to a significantly smaller calibration sample size,
which would require even larger bins using the classical approach, the weights W
obtained from a global fit to the sample are not used. Instead, the same likelihood
fit is performed in every (p,n, Ngpp) bin separately. To avoid having to perform
two fits in each bin, one before and one after applying the PID cut, the likelihood
fit is performed in three dimensions. These are, as before, the invariant mass and
mass difference with the addition of the binary cut decision f which is either zero

or one. As this is nothing but a simple coin toss process, it is modelled using a

132



5.5 Reconstruction and selection efficiencies 5 Charm production at 5 and 13 TeV

T T
~+ Data

I Random 75 < p <110 GeV/e 700 - 1

I Background 20< m < 26 Fit 992+ 03

— . = 0 < - assIc: . ..
400 F 212 < nSPD < 400 Cl 99.7 + 0.5
it 600 | |

o

=

S
4
S
S

200

o
(=3
(=}

(3]
(=]
o

Candidates / (2.25 MeV/c?)
Candidates / (0.36075 MeV/c?)
e
[}
(e}

100
100

=

0 - 0
1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 140 142 144 146 148 150 152 154

m(K~nt) [MeV/c?] m(K~wtat) —m(K~n") [MeV/c?]
900 , | |
3500+ + Data
B Signal 800 # =% -
I Random o=

3000 -y Background

2500

Candidates
—_ )
[ [
S oS
(e} (=]

1000
500
0 0
No Yes 0980  0.985 0.990 0.995 1.000
DLLg (K7)>5 g

Fig. 5.19: lllustration of three-dimensional likelihood fits to the 5 TeV kaon calibration sample
used to extract the PID efficiency in a specific (p, 7, Nspp) bin. Shown are the projection
on the invariant mass (top left), mass difference between the D** and D candidate (top
right), and the PID cut decision (bottom left). Also shown is the obtained distribution of the
estimated efficiency after bootstrapping the fit 10,000 times (bottom right).
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Bernoulli PDF:
F(fyoxcel (1—e)7. (5.21)

Each component of the fit is modelled with an independent Bernoulli PDF hence
allowing signal and background to have different efficiencies. An example for such a
fit is given in Figure 5.19, displaying the fit results in one (p, 7, Ngpp) bin for the kaon
calibration sample. The values for the efficiency in a specific bin are compatible with
those obtained using the classical approach if it was possible to apply. Using those fits,
it is also possible to improve the determination and propagation of the uncertainty
due to the finite size of the calibration sample. In the example given in Figure 5.19,
the classical approach yields an efficiency 99.7 + 0.5% which raises the question of
how to correctly propagate it, as the assumption of it being normally distributed
would lead to unphysical efficiencies leaking past one. Instead, the calibration sample
is bootstrapped and the fit is repeated in each of the bootstrapped samples, yielding
one value for the efficiency, and it is this list of efficiencies that is used in the Monte
Carlo error propagation. An example of the distribution of the obtained efficiencies
is also given in Figure 5.19. Lastly, applying this bootstrapping approach allows
checking for possible statistical correlations between the pion and kaon calibration
tables as both are filled from the same calibration sample of D*" — (D°— K~ a")z*
decays. In those decays, correlations exist between the kaon and pion kinematics and
the number of hits in the SPD is obviously identical. All possible combinations of
two bins, one from each table, is investigated but no significant correlation is found.
As a cross-check, the new approach has also been applied to the 13 TeV measurement

and yields efficiencies compatible with the classic approach.

The obtained PID efficiencies

A PID efficiency is computed for every charm meson (pr,y) bin. As expected from
Figures 5.17 and 5.18, the obtained efficiencies are similar between the 5TeV and
13 TeV measurements and driven by the dependence of the PID requirement imposed
on the kaon. Therefore, epyp is largest in the low y, central pt (caused by the loss of
efficiency for low momentum kaons) and reduces gradually towards the high y, high
pr corner. Typical values range from 55% to 95% for 5 TeV and are approximately
10% lower for 13 TeV due to the much larger number of SPD hits impacting the
performance. The relative uncertainty due to the size of the calibration sample is
0-2%. This, however, is not the only systematic effect due to PID and is in fact
dwarfed by the uncertainty due to the chosen binning scheme in the calibration
tables in many (pt,y) bins. Looking at Figure 5.17, one can hardly say that the

chosen binning scheme is good at capturing and describing the shape of the efficiency
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dependence for the kaon and the associated uncertainty is dedicatedly discussed in

the following section.

5.6 Systematic uncertainties

In the previous sections, the estimation and propagation of potential systematic
uncertainties for several sources have already been discussed where appropriate. This
covered the uncertainty on the signal window efficiency when measuring the prompt
signal yield, the finite size of the simulated samples giving rise to an uncertainty
on the selection and acceptance efficiencies as well as the truth-matching correction
factor, and the uncertainty on the PID efficiency tables due to a finite size of the
PID calibration samples. This section discusses additional sources of uncertainty

that affect the measured cross-section.

5.6.1 Uncertainties from external input

The branching ratios for the studied final states are taken as the current best averages
as summarised in Table 5.1. The uncertainties are propagated through the Monte
Carlo error propagation assuming they follow a normal distribution. As the same
set of branching ratios are used in the 5TeV and 13 TeV measurements, they are
fully correlated. The second external input with its own set of uncertainties is
the luminosity measured for the two data-taking periods. The components of the
uncertainty are described in Ref. [104]. In total, the luminosity contributes 3.8%
uncertainty to the cross-sections measured at 5TeV and 3.9% to those at 13TeV.
The uncertainty is fully correlated between different (pt,y) bins and mesons and are

32% correlated between different data-taking periods.

5.6.2 Tracking correction uncertainties

The tracking correction factors, which are obtained in a separate analysis as described
in Ref. [80], come with their own set of systematic uncertainties that need to be
propagated as systematic uncertainties on the cross-sections. The propagation of
the statistical uncertainties in the procedure used to obtain the tracking correction
tables given in Figure 5.16 is similar to that used for the PID calibration tables
at 13 TeV: toy tracking correction tables are generated by randomly sampling new
values for each entry in the tracking correction table and repeating the correction

procedure for every table. This ensures the correct treatment of any correlations.

Aside from the size of the calibration sample, systematic uncertainties arise when
applying the tracking correction table in this measurement: the tracking efficiency

and subsequently the correction factors are derived using a muon probe track but are
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applied to hadron tracks. This is not a problem if the change in tracking efficiency
when comparing hadrons and muons is identical in real data and simulation. However,
the material budget in simulation is not precisely known and an conservative estimate
for the uncertainty of 10% is assumed. Using simulated events, it is determined that
11% (14%) of the kaons (pions) cannot be reconstructed because they participate in
hadronic interactions before the last T station. Combining this with the uncertainty
on the material budget leads to a 1.1% and 1.4% systematic uncertainty on the
tracking correction factors, which is applied per track. Lastly, the variation of the
tracking correction tables has been studied when changing the observable used to
weight the multiplicity in simulation to match that in data. This leads to a maximal
deviation of 0.4%, which is conservatively assigned as a systematic uncertainty per
track.

The obtained uncertainty on the cross-section varies substantially between different
(pT,y) bins of the measurement. It is highest in the low pp, low y region caused by
the large statistical uncertainty in the correction tables at low track momentum, and
decreases with increasing pr and y. While this behaviour is the same for all mesons
at both centre-of-mass energies, the actual ranges differ at the different energies and
for the different mesons where D° — K~ 7" has a generally lower uncertainty due to
having only two tracks instead of three. At 5TeV, the relative uncertainty for D"
covers a range of 3-5% while the three-body modes lie in the 4-7% range. At 13 TeV
due to both low p bins in the correction tables having a large uncertainty, D° covers
a range of 3-10% while the three-body modes extend to the 4-14% range.

The tracking correction factor is one of the dominant sources of systematic uncertainty
affecting the measured cross-sections. This is partly remedied when taking ratios
between measurements at different /s, where the contributions due to the material

budget uncertainty and occupancy reweighting are assumed to be fully correlated.

5.6.3 Choice of fit model

The PDFs used in the In x3p fit in Section 5.4.3 to extract the number of prompt
signal candidates have been chosen somewhat arbitrarily. With the exception of the
background model, which is based on data-driven methods, the shapes for prompt
and secondary signal decays have no physical meaning but have been chosen solely
based on their ability to describe the data. Therefore, the difference in measured
prompt signal yield when using different models is assigned as an uncertainty for

each (pr,y) bin.

One alternative shape for the prompt signal contribution is obtained by modifying
the nominal PDF given in Equation (5.12) to use the sum of two normal distributions

for the central part instead of a single one. A second shape is obtained by modifying

136



5.6 Systematic uncertainties 5 Charm pI'OdUCtiOIl at 5 and 13 TeV

the normal x? distribution to allow for asymmetric widths on either side of the
most probable value and transforming the result into a PDF for In x? [110]. For the
secondary shape, all prompt signal shapes are tested. To compute the uncertainty,
the In yip fit is performed again with each combination of alternate shapes for prompt
and secondary signals. The uncertainty in each (p,y) bin is assigned as the largest
difference in the obtained prompt signal yield with respect to the nominal fit. The
relative uncertainty introduced by this can reach a few percent, though tends to be

much smaller than the statistical uncertainty in each bin.

5.6.4 Monte Carlo modelling

If the simulated samples do not model the data correctly, the selection efficiencies
that are evaluated using these simulated samples could be incorrect. Small deviations
of the MC from the distributions in data can lead to small deviations from the true
efficiencies, and these deviations need to be evaluated and assigned as systematic
uncertainties. As a first step, distributions of selection variables are compared
between data and simulation. Obviously, this can only be performed using fully
selected candidates, especially in the measurements presented here where most of
the selection is integrated into the trigger. As before, the prompt signal component
is extracted from data using signal weights ;W [108]. To account for the effect of the
PID efficiencies, the data are corrected by using the inverse of the PID efficiency as
an additional weight similar to Equation (5.18). In a similar manner, the simulated
sample is corrected using the tracking correction factors. In both cases, only the
central value is used as a correction factor and all involved uncertainties are ignored.
Furthermore, it is paramount to point out that the sPlot technique, which allows
the signal distribution to be obtained in some variable, can only be applied if this
variable is independent (not linearly correlated) to the discriminating variable used

to extract the weights (In XIQP in this analysis).

Examples are given in Figures 5.20 and 5.21 for D° — K 7t and D™ — K 7" xt at
5TeV. Overall, good agreement is seen when comparing the simulated distributions
to data.

To assign an additional uncertainty to encapsulate potential mis-modelling in the
simulated sample, the following procedure is performed for each selection variable.
The procedure is not performed for selection variables that are practically 100%
efficient for signal events. As described above, no data with a looser selection are
available and thus, the effect of mis-modelling is studied using a tighter selection,
assuming the agreement between data and simulation is similar for events being

accepted and those being rejected by the selection.

137



5 Charm production at 5 and 13 TeV

5.6 Systematic uncertainties

Arbitrary units

Arbitrary units

Arbitrary units

T
1.2 + 4+MC T
Data
1.0 bt ]
& ".
0.8 * 3 -
0.6 + i
041 . g
02 =, N
0.0 I I I T
4 5 6 7 ) 8 )
In(2p(D7))
T
1.2 + +MC T
Data
1.0 =

e
o

0.6

0.4

0.2 = N
0.0 ‘ e ‘
2 4 6 8
pr(K™) [GeV/c?
T T T
1.2 + +MC A
Data
10+ - B
0.8 ] E
0.6 - B
0.4 o = 4
02 || B
0.0 1 1 1 RS
5 10 15 20 25

Number of VELO hits of (K™)

Zi12f C e A
] + +MC 2 T T T T n
2 Data £ 12 + +Mc
§ 10 i = Data
=z o, S10k,, b
= = .
Z P 3 Y,
08k 7 1 0.8 . .
061 . . 0.6 . J
04 . 1 04 .. |
0.2F T 0.2 e .
00 Il Il Il Il Il Il Il Il 0.0 1 1 1 1 n
2 4 6 8 10 12 14 16 : 0.02 0.04 0.06 0.08
arccos(DIRA (D)) [mrad] DOCA(D®) [mm]
Zi12fF ‘ ‘ ‘ E
El + +MC 212 ' ' ' T ]
o Data E 12 + +MC
10} 1 =z paa
5 E10f . i
2 £
L 1 = .
08 08k . .
0.6 7] 0.6 - B
041 § 04} - §
0.2 - , 021 .". _
0.0 e ) 00 . L e
2 4 6 8 20 40 60 80
Xiw(D?) p(K™) [GeVic?]
] T T <] 12 T T
124 ++4+MC 4 E T + +MC 7
i Data > Data
g g0l N .
= 1.0 - “Hv* " B é E +#4,,f ray
2 + *n < i ++
osl | " 1 osht k. .
: : + +,
06l + s 1 o6} -, -
04L * ‘4 | 04+ =, .
02} ' 1 o2} - ]
0.0 | | | | | e 0.0 I =
25 30 35 40 45 5 6 7
n(K7) In(xip(K™))
Fig. 5.20: Comparison of several quantities used in the event selection between simulated and

real data for D° = K™ n" at 5 TeV. Tracking correction factors are applied to the simulated
sample and the real data is corrected for the PID efficiency. To reflect the double differential
nature of the measurement, simulated events are reweighted using pr and y in the (pr,y)

binning scheme used for the measurement.
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Fig. 5.21: Comparison of several quantities used in the event selection between simulated and

real data for D™ — K™

+ot

at 5 TeV. Tracking correction factors are applied to the simulated

sample and the real data is corrected for the PID efficiency. To reflect the double differential
nature of the measurement, simulated events are reweighted using pr and y in the (pr,y)

binning scheme used for the measurement.
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1. For a given selection variable, find the cut value that rejects half of the fully
selected simulated data. When defining this cut, the tracking correction factors
applied to the simulated sample are taken into account. Depending on the size
of the sample, the efficiency of this cut, ey, is close to 50%.

2. Apply the cut value to the real data and count the number of signal candidates.
The number of signal events is given by the sum over the sWeights after

correcting for the PID selection, which is not applied in simulation:

i

sWi
NPassed = Z - - (522)

6 .
passed PID;i

3. The efficiency-corrected signal yield corresponding to the requirement is
Npagsea/Emc- It should be equal to the number of signal events seen in the
entire sample, if the MC simulation describes the data. The quantity:

Lw

i, signal
1,81gNa , (523)
EMC o CPID.i

A _ N, Passed

then allows the agreement between simulated and real data to be judged, as it

should be zero.

The procedure is performed in every (pr, y) bin for every selection variable separately,
resulting in one A value per bin and variable. To account for the statistical uncertainty
due to the amount of available data and to include correlations between selection
variables, the data and simulated samples are bootstrapped and the procedure above
is repeated ten thousand times using those bootstrapped samples. This ensures that
the correlations between variables are correctly taken into account when combining
the deviations per variable into a single number. For example, if one final state
particle passes a pp requirement, the others are more likely to do so as well due
to correlations between their transverse momenta, which needs to be taken into
account in the combination and is ensured by the bootstrapping. Furthermore,
each bootstrapped sample uses modified values for the tracking corrections and PID
efficiencies randomly creating new tables as described before. Therefore, the spread
of the ten thousand obtained values for A includes contributions from the amount
of simulated and real data as well as the available calibration statistics and the
uncertainties in the tracking correction tables. An overall A is then obtained by
summing over the individual A values per variable, yielding one value per (pr,y) bin

and bootstrap toy.

Due to the limited amount of available data and simulated events, most A values
per bin are not significantly different from zero. To search for an overall trend,

assuming mis-modelling would have a similar effect in all (pt,y) bins, the sum of
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the individual bin A’s is computed. Due to the bootstrapping, ten thousand values
for this sum are obtained whose distribution resembles a normal distribution with
mean g and width o. If |u| < o, no uncertainty is assigned to the mis-modelling in
simulation. If |u] —o > 0, a relative uncertainty of (|p| — &) /Niotal 1S assigned, where
Niotal is the total number of signal events computed in Equation (5.23). Subtracting
the width of the observed distribution is deliberately done to reduce the impact of
double-counting the uncertainties making up said width as they are already included
as systematic uncertainties on the cross-sections. Applying the procedure, about 1%

of uncertainty is observed.

5.6.5 Particle identification

Two sources of systematic uncertainty are considered for the estimation of the PID
efficiencies, which was described in Section 5.5.2. The first is due to the size of the
calibration sample itself, leading to statistical uncertainties on the PID efficiencies in
each bin of the (p,n, Ngpp) look-up table. Their propagation, in essence identical to

the same uncertainty on the tracking correction factor, is described in Section 5.5.2.

A second source is given by the chosen binning scheme which can be incapable of
properly removing the dependence on the calibration sample kinematics from the
(p,n, Ngpp) PID efficiency look-up tables. The general cause for such a behaviour
can be easily illustrated: let & be an observable on which the efficiency ¢(x) depends.
Let R(z) and C(z) be the probability density function of = in the reference and
calibration sample respectively and let z; and z;,; be the chosen boundaries of the
i-th bin in the efficiency table. When computing the efficiency for this bin &; = C}/C;,

one provides an estimate whose expectation value is given by:

J. " e(x) - Cla)de
fg:i“ C(z)dr

(ei)e =

where the subscript C' indicates that the expectation is with respect to C(x). The

same expectation value for the reference sample is hence given by:

Jote() - R(z)da
f;j“ R(z)dz

(ei)r =

When applying the values in the efficiency tables to the reference sample to obtain
£pip, the obtained &; must be an estimate of (g;)p in order to yield an unbiased

estimate of epip:

> ot e(@)R(2)de [t Rx)da
S(egrR, & JTTRGY: T [ R@)de
R R
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X i e(@R(@)de [\ e(x)R(x)de
- [ R(z)dz [ R(z)dz

= (epm) -

However, the expectation value of €; is (g;), which in general is not identical to (g;) s,
thus introducing a bias to epyp. The magnitude of the bias (and thus the systematic
uncertainty) significantly depends on the chosen binning scheme’s approximation of

the assumption (g;)r = (&;)¢.

To estimate the introduced bias, knowledge of both the reference sample distributions
as well as the efficiency £(p,n, Ngpp) (as a function, not as the binned tables) is
necessary. While the former is given by the actual data sample using WV to extract
the prompt signal contribution, the latter, the efficiency as an actual function of
p, n and Ngpp is not known. To estimate a systematic uncertainty in this analysis,
different approaches are used in the 5TeV and 13 TeV measurements, based on newly

available techniques.

In the 13 TeV measurement, based on the dependence of the one-dimensional effi-
ciencies on the dependent variables as shown in Figures 5.17 and 5.18, effects due
to the binning in Ngpp are assumed to be negligible and an approximation of the
efficiency is derived as a function of p and 7. Similar to the derivation of the shapes
describing the combinatorial background in the In X%P fit, two-dimensional kernel
density estimates are derived to describe the kinematics in the calibration samples
separately for kaons and pions. The signal weights in the calibration sample are
used to build the KDEs for the signal component. For each species, two KDEs
are constructed, one before and one after applying the PID cut on the track in the
calibration sample. Using both KDEs, the efficiency can be computed for a (p,7n)

bin with any bin boundaries:

_ C" [y KDE'(p, n)dpdn

_ , 5.24
C  J,., KDE(p,n)dpdn (5.24)

&

where the kernel density estimates KDE and KDE' are normalised to unity. Fig-
ure 5.22 shows a projection of the PID efficiencies in the calibration sample on to
p and 7, overlayed with the projection of the KDE model. It is obtained using
Equation (5.24) by splitting the range of the plotted variable into 500 equally sized
bins, each stretching the full range of the variable that is not plotted. A good agree-
ment between the actual calibration data and the KDE estimate is seen. To derive
an uncertainty based on the cross-sections based on this model, two-dimensional
calibration tables are created with a progressively finer binning in (p, n), starting from
the nominal binning scheme for these two variables. Figures 5.23 and 5.24 give an
example of these two-dimensional calibration tables with progressively finer binning.
The calibration procedure (see Equation (5.18)) is repeated multiple times while

using increasingly finer binned calibration tables for pions and kaons. The obtained
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Fig. 5.22: One dimensional PID efficiency for 13 TeV comparing the data and the projections
from a two-dimensional kernel density estimate as described in the text. The variable not used

in the projection is integrated over its full range.
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Fig. 5.23: Two-dimensional toy calibration tables for the kaon, generated from KDE description
of the true calibration sample with increasing granularity.
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Fig. 5.24: Two-dimensional toy calibration tables for the pion, generated from KDE description
of the true calibration sample with increasing granularity.

efficiency epip as a function of the number of bins in the calibration tables shows a
convergence towards a higher number of bins and it is the difference between the
efficiency at convergence and the one obtained using the nominal tables (estimated
using the KDE approach to avoid biases in the difference due to the missing Ngpp
dimension) that is taken as the systematic uncertainty. This difference is computed
in each (pr,y) bin separately. The relative uncertainty obtained is lowest in the
central region of meson kinematics, increasing towards higher values in meson pt
with values ranging from as little as 1.2% to well above 20% depending on the meson.
Large uncertainties usually coincide with bins with sizeable statistical uncertainty,
which are more prone to significantly change with altered binning schemes applied

to the calibration sample.

For the 5TeV result, a simplified approach was chosen based on the idea that an
efficiency is nothing but the weight transforming a distribution before a certain
requirement is imposed to the one after the requirement is applied, and therefore
equating the problem of finding an efficiency description to a reweighting problem.
Recent developments in machine-learning-based reweighting techniques [111, 112]
allow for efficient reweighting of higher-dimensional problems compared to obtaining
the weights from the ratio of histograms. Therefore, an alternative efficiency de-
scription is derived with a reweighting algorithm using boosted decision trees (BDT)
[112], which is trained using the calibration data. The trained reweighter then allows
to obtain an efficiency for any (p,n, Ngpp) point and thus acts like an approximation
of the function (p,n, Ngpp). To train the reweighter on the signal in the calibration
sample alone, signal weights ,JV are used, which have been extracted from a fit to
the total calibration sample, similar to those in the 13TeV sample. Figure 5.25
compares the efficiency description from the BDT to that obtained directly from
the calibration data and reveals a good agreement between the two. An uncertainty
on the measured cross-sections is then obtained in a similar way to the KDE based
approach for 13 TeV where the difference between the nominal efficiencies and those
obtained using the BDT based approach is assigned as uncertainty. The obtained

relative uncertainties show the same behaviour and ranges as those for the 13 TeV
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Fig. 5.25: One dimensional PID efficiency for 5 TeV comparing the data and the projections
averages in each bin of the efficiencies obtained from the BDT reweighter. For stability, all
plots have been created using the fiducial range of 2 <7 < 5 and 3 < p < 100 GeV/c for the

track kinematics.
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measurement. However, due to the additional bins in p, their total effect on an
integrated cross-section obtained as the sum over all bins is only about 1%, compared
to 2-3% for 13 TeV. As a cross-check, a BDT based efficiency description has also
been obtained for the 13 TeV measurement and the resulting uncertainties on the

cross-section are consistent with the ones quoted based on the KDE approach.

At this point, an obvious question might arise, namely what the reason is for not using
these two techniques to derive the nominal efficiencies and avoiding the uncertainty
due to the binning systematic. This decision was made due to practical considerations
especially concerning the treatment of statistical uncertainties caused by the finite
size of the calibration sample. While the propagation in the nominal approach using
binned PID efficiency tables, is rather straightforward, this is not true anymore in
the case of unbinned descriptions such as the KDE and BDT reweighter approach.
Probably the only viable approach would require the creation of bootstrap samples
from the calibration sample. In each of these samples, a fit is performed to obtain
the signal weights VWV and the KDE or BDT procedure is repeated, yielding one
KDE description or trained BDT classifier per bootstrap sample. Unfortunately, the
creation of the non-parametric descriptions is time-consuming and persisting them
to ensure a correct treatment of correlations when applying them to different charm
mesons requires large amounts of disk space. With this in mind, using the simplified

binned tables is deemed sufficient in this measurement.

5.6.6 Summary

All sources of systematic uncertainty are summarised in Tables 5.9 and 5.10 where
the individual ranges are given. As the quoted ranges for the different sources of
systematic uncertainty and different charm mesons can be rather sizeable, often
ranging from values negligibly small to O(10%), the resulting uncertainty on the
sum of (pr,y) bins in the range 0 < pr < 8 GeV/c and 2 < y < 4.5 is also given to
allow a clearer judgement on the dominant sources of systematic uncertainty on the
measured cross-sections. The top two contenders for the most dominant systematic
uncertainty are the uncertainty on the measured luminosity, and the uncertainty
involved in the tracking correction procedure, both trading places depending on
the considered meson. Depending on the considered (pr,y) bin, the uncertainties
assigned to the PID calibration procedure due to the chosen binning scheme of the
PID calibration tables and the uncertainty due to the limited size of the simulated
sample give contributions significantly greater than those dominating the integrated
cross-sections. Overall, the individual measurements presented in the next section are
completely dominated by the systematic uncertainty with only marginal contributions
due to the statistical uncertainty, the uncertainty assigned to the prompt signal

yields extracted from the In X%P fit described in Section 5.4.3.
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Tab. 5.9: Fractional systematic uncertainties for 5 TeV, in percent and rounded to one significant
digit. Uncertainties that are computed bin-by-bin are expressed as ranges giving the minimum
to maximum values. As these can vary significantly between different bins, the uncertainties on
the integrated over the range 0 < pt < 8GeV/c and 2 < y < 4.5 is given in round braces.

Uncertainties (%)
Source D’ ‘ Dt ‘ Df ‘ D**
Luminosity 3.8
B(H,— f) 1.2 2.1 5.8 1.5
MC/truth 0.043 0.085 0.15 0.52
MC modelling 0.28 0.65 0.56 2.0
Tracking 3049 (3)] 4674 (6)]4371 (5)]4872 (6)
MC sample size | 1-11  (0.3) | 1-12 (1) | 1.9-9.4 (1) | 1.1-9.7 (0.9)
PID sample size | 0.1-1.4 (0.2) | 0.1-1.2 (0.3) | 0.1-1.7 (0.5) | 0.1-1.6 (0.1)
PID binning 0-25 (0.7)|0-10 (1) 017  (2) 020 (0.6)
Fit model shapes | 0.0-2.7 (0.2) | 0.1-3.3 (0.2) | 0.1-2.8 (0.2) | 0.0-1.0 (0.1)
Signal window 0.2-1.3(0.06) | 0.1-1.2(0.09) | 0.2-2.5(0.07) | 0.2-1.7(0.06)
Stat. 114 (0.2) | 1-10  (L.0) | 320  (2)|2-17 (1)

Tab. 5.10: Fractional systematic uncertainties for 13 TeV, in percent and rounded to one
significant digit. Uncertainties that are computed bin-by-bin are expressed as ranges giving
the minimum to maximum values. As these can vary significantly between different bins, the
uncertainties on the integrated over the range 0 < pt < 8GeV/c and 2 < y < 4.5 is given in
round braces.

Uncertainties (%)
Source D° Dt ‘ Df ‘ D*t
Luminosity ‘ 3.9
B(H,— f) 1.2 2.1 5.8 1.5
MC/truth 0.037 0.057 0.11 0.099
MC modelling 1.0 1.2 0.20 0.91
Tracking 28100 (4)[414 (8414 (7)|511  (7)
MC sample size | 1-26  (04) | 155 (2) | 120 (2)| 123 (2
PID sample size | 0.1-2.0(0.09) | 0.1-1.2 (0.2) | 0.1-2.7 (0.3) | 0.1-1.1(0.09)
PID binning 045  (2)|0o11  @)|o18 @) 014 (0.6)
Fit model shapes | 0.0-6.3(0.05) | 0.0-6.9(0.08) | 0.0-1.4(0.05) | 0-46  (0.8)
Signal window 0.0-2.0(0.05) | 0.0-2.2(0.04) | 0.1-1.2(0.03) | 0.2-6.8 (0.3)
Stat. 017 (0.09) | 010  (0.5) | 1-17  (0.8) | 118  (0.8)
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5.7 Results

Results are presented for the four different meson species and at the two studied
centre-of-mass energies. The main result is given by the double-differential cross-
sections, shown in Figures 5.26 to 5.29, which are compared to up to three sets
of theoretical predictions described in Section 2.2.4. Overall, the measured cross-
sections are in agreement with the different sets of predictions albeit tending to lie at
the upper edge of the theoretically predicted ranges. Generally, the best agreement
is seen for the GMVFNS predictions; however, these predictions are only available
for pp > 3 GeV/e.

Based on the double-differential cross-section, additional results are derived, most
notably the ratios of measured cross-sections between different centre-of-mass energies

and integrated cross-section which are described in the following.

5.7.1 Ratios between different /s

Based on the double-differential cross-sections, ratios between different centre-of-
mass energies are computed. The ratio R;3/5 between the measurements at 13 TeV
and 5 TeV solely relies on the cross-section measurements presented in this thesis
while the ratio of 13 TeV to 7TeV uses previous measurements of the production
cross-sections by LHCb, which are discussed in Ref. [27]. Ratios are measured for
the kinematic range of 0 < pp < 8GeV/c of the 7TeV measurement using bins
with a width of 1 GeV/e. To accommodate this, the finer bins used in the 13 TeV
measurement are combined by computing the average differential cross-section of the
bins covering a wider 1 GeV/c bin. The obtained ratios are presented in Figures 5.30
to 5.33. These cross-section ratios benefit from heavily reduced uncertainties due
to cancellation of both experimental uncertainties affecting the measurement as
well as theoretical uncertainties. For the measured values, this is mostly caused by
the correlated luminosity and branching ratios used in the measurements as well
as a cancellation of uncertainties associated to the material budget in the tracking
efficiency corrections. Likewise, uncertainties due to the charm quark mass and
the QCD scale are heavily reduced in these ratios, resulting in a significantly more

powerful test of the theoretical predictions.

Overall, the measured values are found to be in good agreement with the predictions
for all meson species, indicating a good modelling of the cross-section scaling with
increasing centre-of-mass energy. Furthermore, the measured ratios for the D° and
D" mesons shown in Figures 5.30 and 5.31 have uncertainties that are still much
smaller than the predictions and thus provide valuable input to constrain and reduce

theoretical uncertainties.
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Fig. 5.26: Double-differential cross-sections at 5 TeV (top) and 13 TeV (bottom) for D°. The
theoretical predictions shown have been provided by the respective theorist groups and are
described in Section 2.2.4.

149



5 Charm production at 5 and 13 TeV 5.7 Results

__—ﬁjjﬁ-l'——ﬁ__l ’ 1 } } 30<y<35m=4
10—5 | | X

— 10 T T T T T T T T T T T T T T T T T T
D LHCb D" POWHEG+NNPDF3.0L
S 10°E /s =5TeV [_IFONLL ]
3 . GMVENS
= 1
3 10' b |—|—|:|:|__. 20<y<25m=0 ]
IS 10 1 1 25<y<3.0,m=2
= ' 1 } }
Ll S I e T R —
= { ] , 3.0<y<35m=4
2 1073 | |
2 - (I S =
E EE— 1 } 4 3.5<y<4.0,m=6
~ ] b .
/6\ 10_7 — —'—'—| b ——
‘E'E/ . t ] .  40<y<45m=38
1072+ t } .
L L L | L L L | L L L | L L L | L L L
0 2 4 6 8 10
pr [GeV/c]
oy 105 T T T | T T T | T T T | T | T T T | T T T | T T | T
n LHCb DT POWHEG+NNPDF3.0L
S 10°F /s =13Tev [—_FONLL i
3 | —7 GMVFNS
< 10'} | } Y _ _
g_ i L 1 ¥ 20<y<25m=0
s 1071F [T = \ =
S __.——.—ﬁjjj-"*ﬁ_._, b 1 } ‘ 25<y<3.0,m=2
T3tk e =
S
=4
X
~
b
o
N2

C e ﬁﬁ'—m: ' L t } : 35<y<40,m=6
1077 ! } \ ‘ L ey
1079 — 1 . .440<y<4.5,m=8 |
P RN RS RS R AR R R, R
0 2 4 6 8 10 12

14
pt [GeV/c]
Fig. 5.27: Double-differential cross-sections at 5 TeV (top) and 13 TeV (bottom) for D*. The

theoretical predictions shown have been provided by the respective theorist groups and are
described in Section 2.2.4.
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Fig. 5.28: Double-differential cross-sections at 5 TeV (top) and 13 TeV (bottom) for D;. The

theoretical predictions shown have been provided by the respective theorist groups and are
described in Section 2.2.4.
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Fig. 5.29: Double-differential cross-sections at 5 TeV (top) and 13 TeV (bottom) for D**. The
theoretical predictions shown have been provided by the respective theorist groups and are
described in Section 2.2.4.
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Fig. 5.30: Cross-section ratio Ry3/5 between 13 TeV and 5 TeV (left) and Ry3,7 between 13 TeV

and 7 TeV (right) for D°. The theoretical predictions shown have been provided by the respective
theorist groups and are described in Section 2.2.4.
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Fig. 5.31: Cross-section ratio Ry3/5 between 13TeV and 5TeV (left) and Ry3/7 between

13 TeV and 7 TeV (right) for D". The theoretical predictions shown have been provided by the
respective theorist groups and are described in Section 2.2.4.
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Fig. 5.32: Cross-section ratio Ry3/5 between 13TeV and 5TeV (left) and Ry3/; between

13 TeV and 7 TeV (right) for D, The theoretical predictions shown have been provided by the
respective theorist groups and are described in Section 2.2.4.
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Fig. 5.33: Cross-section ratio Ry3/5 between 13TeV and 5TeV (left) and Ry3/; between

13TeV and 7 TeV (right) for D*". The theoretical predictions shown have been provided by
the respective theorist groups and are described in Section 2.2.4.
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Tab. 5.11: Prompt D-meson production cross-sections at /s = 5 TeV in the kinematic ranges
given. The first uncertainty on the cross-section is statistical, the second is systematic and
includes the contribution from the extrapolation factor.

Extrapolation factor Cross-section (ub)

D' 0<pr<8GeVie 2<y<45  1.0013+0.0019 13744+ 3+ 74
DY 0<pp<8GeVie 2<y<4b 1.108 4 0.049 551+ 54+ 48
D’ 1<pp<8GeV/e 2<y<45  1.0017+0.0020 1004+ 3+ 54
DY 1<pr<8GeVie 2<y<45 1.00062 + 0.00099 402+ 24+ 30
Df 1<pr<8GeVic 2<y<45b 1.0734 £ 0.0080 170+ 44+ 16
D't 1<pr<8GeVie 2<y<45b 1.122 +0.046 4214+ 54+ 36

Tab. 5.12: Prompt D-meson production cross-sections at /s = 13 TeV in the kinematic ranges
given. The first uncertainty on the cross-section is statistical, the second is systematic and
includes the contribution from the extrapolation factor.

Extrapolation factor Cross-section (pb)

D' 0<pr<8GeVie 2<y<45  1.0014+0.0024 2709 + 2+ 165
DY 0<pp<8GeVie 2<y<4b 1.049 + 0.031 1102+ 5+ 111
D’ 1<ppr<8GeV/ie 2<y<45  1.0018 =+ 0.0025 2072+ 24124
DY 1<pr<8GeVie 2<y<45 — 834+ 24+ 78
Df 1<pr<8GeVic 2<y<45b — 353+ 9+ 76
D't 1<pr<8GeVie 2<y<45b 1.102 4 0.081 7844+ 44 87

5.7.2 Integrated cross-sections

Integrated cross-sections are computed for the different charm mesons at the two
centre-of-mass energies in the range 2 < y < 4.5 and pp < 8 GeV/e. This upper limit
is chosen to coincide with the limit used in the 7TeV measurement. However, due
to the exponential fall-off of the cross-section with increasing pr, the region past
this upper limit does not contribute significantly to the integrated cross-sections.
Furthermore, insufficient data in the low transverse momentum region for D} and
D*" requires a lower limit of 1 GeV/c for these mesons. To account for (pr,y) bins
in the integration range for which no measurement was possible, a correction factor
is derived, which is based on the theoretical prediction. The factor is computed as
the ratio between the sum of the prediced cross-sections in the considered kinematic
region, divided by the sum over all bins in this range for which a measurement is
possible. An uncertainty on this factor is taken as the difference between the factors
obtained using the upper and lower bounds of the theoretical predictions, respectively.
The obtained integrated cross-sections are given in Tables 5.11 and 5.12. Ratios of the
integrated cross-sections in the range 1 < pp < 8 GeV/c between 13 TeV and 5 TeV
are given in Figure 5.30 and show good agreement with POWHEG+NNPDF3.0L
predictions in Figure 5.34
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Fig. 5.34: Ratio of integrated cross-sections measured at 5 TeV and 13 TeV compared to
theoretical predictions as described in 2.2.4.

Estimates for the production cross-section of ¢¢ pairs, o(pp— c¢X), where at least
one of the ¢ quarks hadronises to a meson in the fiducial acceptance, can also be
computed. Assuming that other contributions to the production mechanism of the

measured, integrated cross-sections U(D + 5) are negligible, an estimate is given by:

o(pp— ceX) = % ,

where the term f(c — D) is the quark-to-hadron transition probability, and the
factor 2 accounts for the inclusion of charge-conjugate states in the measure-
ment. Measurements at e e~ colliders operating at a centre-of-mass energy close
to the Y (4S5) resonance are used to determine the transition probabilities [113]
fle— D°) = 0.565 £ 0.032, f(c— DT) = 0.246 + 0.020, f(c— D7) = 0.080 + 0.017,
and f(c— D*") = 0.224 & 0.028. The fragmentation fraction f(c— D°) has an over-
lapping contribution from f(c— D*"). While one estimate can be computed per
studied charm meson, the obtained values should be independent of the used me-
son and be in agreement. Figure 5.35 shows good agreement of the o(pp — ccX)
estimates both in the full and reduced fiducial region. To improve the precision, a
combined value is computed by means of a weighted average that minimises the
variance of the estimate [114], which is dominated by the estimates obtained from
the D cross-section and also shown in Figure 5.35. The combination of the D° and

D' measurements using the full fiducial range yields:

o(pp— X)) S Gevie 2.0y 45 = 1193 £ 3£ 67 £ 58 b |
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for 5'TeV and:
o(pp— X)), S Gevie 2.0« y< 45 = 2369 £ 3£ 152 £ 1181b

for 13TeV. In both cases, the uncertainties are due to statistical and systematic

uncertainties as well as the uncertainties related to the fragmentation fractions.
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5 Charm production at 5 and 13 TeV 5.7 Results
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Fig. 5.35: Estimates for o(pp— ccX)in the full and reduced fiducial region for the different
mesons. Also shown is the LHCb average computed as the weighted average of the different
mesons and theory predictions where available. Theoretical predictions shown have been
provided by the respective theorist groups and are described in Section 2.2.4.
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5.8 Summary and impact

Measurements of production cross-sections are obtained for D° DT, D} and D*t
mesons at centre-of-mass energies of 5TeV and 13 TeV. Integrated cross-sections are
obtained in the transverse momentum range 1 < pp < 8 GeV/c and range 2 < y < 4.5
at /s = 5TeV to be;

o(pp— D°X) = 1004+ 34 54pb,
olpp— DYX) = 4024+ 2+ 30pb,
o(pp— DS X) = 170+ 4+ 16pb,
olpp— D*TX) = 421+ 5+ 36pb,

and at /s = 13 TeV:

o(pp— D°X) = 2072+ 24 124pb,
o(pp— DTX) = 834+ 2+ T8npb,
olpp— DIX) = 353+ 9+ 76pb,
olpp— DX) = 784+ 4+ 87nb.

Additionally, double-differential cross-sections are found to be in good agreement with
theoretical predictions. This extends to very precise double-differential cross-section
ratios between different centre-of-mass energies which are very well described by

theoretical calculations.

A main motivation for measuring the charm meson production cross-sections at
LHCDb is their potential to be used to constrain uncertainties in QCD calculations.
This is mainly driven by LHCb’s unique ability to measure the production in the
forward region, allowing to probe very small values of gluon momentum fraction x.

While this has been discussed before as the general motivation, Gauld et al. [115]
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(a) NNPDF3.0 NLO with LHCb constraints.  (b) NLO charged-current N cross-section.

Fig. 5.36: Impact of LHCb charm cross-section data on the low-x gluon parton density
function (a) and resulting improvement on predicted neutrino-nucleus interaction at high
neutrino energies (b). Both plots are taken from Ref. [115]
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have recently published updated NNPDF3.0 PDF sets, which are constrained using
the data presented in this thesis together with the LHCb measurement at 7 TeV.
They construct five different datasets, three normalised cross-sections N5, N; and Ny
based on the double-differential cross-sections, where the differential cross-sections in
every (pr,y) bin are normalised to the result in the 3 < y < 3.5 bin for the respective
pr range. In addition to these three, the two ratios R35 and Ry3/7 are used.
Figure 5.36a compares the results of the PDF fits for different combinations of those
datasets. All combinations result in consistent constraints, which are substantially
more precise, exceeding one order of magnitude improvements for certain regions

in x.

These improvements have a wide range of applications. As an example, Gauld
et al. demonstrate the substantial reduction in the charged-current neutrino-nucleus
interaction cross-section for very high-energy neutrinos as studied by the IceCube
experiment (see Figure 5.36b). A substantial improvement is seen, showing the
impact that the cross-section measurements have in other areas of particle physics

which rely on calculations involving low-z gluons.
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Section 2.3 has already introduced the formalism of neutral meson mixing and com-
pared two different approaches of extracting the parameters x and y that describe the
oscillation between a D® and a D" meson. Here, the potential of a model-dependent
measurement using wrong-sign (WS)! D®— K 7 77 decays, exploiting the very
large dataset of charm mesons recorded during Run 2 by the LHCb experiment, is
presented. These sensitivity studies are implemented such that they already use high
precision, realistic descriptions of experimental backgrounds and acceptance effects
such that the estimated statistical uncertainties on the mixing parameters give a
very realistic picture of the prospects of such a measurement.

Section 6.1 presents the definition of the used dataset and the selection of candidates
for the WS decay, using the corresponding right-sign (RS) D’ — K n"n n" decay
as a control channel to tune the selection due to its much higher purity. Following
this, Section 6.2 presents the used amplitudes and the structure of the fit setup,
including a discussion on the construction of an efficiency description, a crucial
ingredient for the aforementioned fit. Furthermore, the results of the sensitivity
studies are presented in the concluding section, which also evaluates their relation to

the current world average.

' Tt is useful here to recall the purposeful distinction between the labels WS and DCS as the

former includes both contributions from the DCS and CF decay amplitudes due to mixing and
thus its level of suppression is subject to the amount of mixing.
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6.1 Selection of the dataset

Chapter 5 presents cross-section results that confirm the expectations from theoretical
calculations that the cross-sections of D® mesons nearly doubled at Vs = 13 TeV with
respect to Run 1 of the LHC (at 7TeV and 8 TeV). Additionally, the offline-quality
reconstruction in the trigger as well as an optimised trigger efficiency further justify
to solely focus on the data recorded during Run 2 of the LHC. This section details

the used dataset and the applied selection, both online and offline.

6.1.1 The dataset

The studies in this chapter rely on data recorded during 2015 and 2016 with an
integrated luminosity of 0.33fb" and 1.67fb ™! respectively. At the time of writing,
data recording is ongoing with an integrated luminosity of 0.74fb~" having been
recorded during 2017 so far®. However, the 2017 data is not yet available for analysis
and thus the following discussion uses the combined 2015 and 2016 dataset, which
totals an integrated luminosity of 2fb~'. Furthermore, only a randomly selected
subset of 65 pb_1 is used for the data-driven parts of the study as this amount is

sufficient for the scope of this sensitivity study.

It is not possible to directly reconstruct and use D' K nntn decays as they

*t7~ decays. Thus it is

are experimentally indistinguishable from D= K'nr
impossible to determine which of the reconstructed four-body decays is a WS decay.
To differentiate WS and RS decays, a tagged sample is used by requiring the D’
to stem from the D*" decay D** — D", As this is a strong decay, the decay
D" — D'z is forbidden and thus the flavour of the D meson can be determined
from the charge of the produced pion. Additionally, the selected D*T — D7 with
D' Ktrntn or D'— K 7" n 7" candidates must be consistent with being
produced in the primary vertex, exploiting the much higher production cross-sections
for prompt charm mesons. In the previous chapter, the production cross-section
in the general LHCb acceptance is measured to be 784 mb (see Table 5.12). Using
the known branching fractions [77], this yields about 8.5 - 10'® RS and 2.8 - 10° WS
decays in the LHCb acceptance in the combined 2015 and 2016 dataset. While
these numbers do not directly reflect the respective numbers of reconstructed and
fully selected decays, which can have typical efficiencies on the per-mille level, they
still illustrate LHCDb’s potential as a charm factory. In the following, the trigger
and offline selection requirements, which are applied to select the candidates, are

discussed.

2 Until 6™ of September 2017.
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6.1.2 The trigger and offline selection

Similar to the previously presented cross-section measurements using Run 2 data,
the events for this measurement also rely on dedicated HLT2 lines. While the RS
and WS decays are separated into two different lines, both use a common container
of K™n"n 7" combinations, which then get the corresponding D° flavour assigned
based on the charge of the additional tagging pion. Therefore, the same four-body
combination can be present in both samples of selected decays, albeit with a different
flavour and tagging pion, where at most one being a correctly assigned tagging pion.
Unlike the cross-section measurement, no requirements are imposed on the used L0
and HLT1 lines. However, the events selected by the HLT2 lines are dominated by
events that have been triggered by the calorimeter based triggers and been further
selected by HLT1 lines looking for high pr, good quality charged tracks. Table 6.1
lists the actual selection criteria used in the trigger. They are mostly very similar
to those used for the cross-section measurement with one important exception: a
requirement is imposed on the transverse momentum of the D" which is very effective
in suppressing combinatorial background. This requirement is also the cornerstone of
a further cut-based selection, which is applied after the trigger, where it is tightened
from 2 to 4 GeVJ/c.

In general, the additional requirements applied during the offline selection aim
to reduce the amount of background under the peak in both the m(K _7r+7r_7r+)
and the mass difference between the D** and D" candidates. Therefore, the PID
requirements applied to the K= and 7™ are significantly tightened by using the more
effective ProbNN variables. This family of variables, for which a variant exists for
each particle hypothesis (K=, 7, u*, e, p/p), are obtained by training an artificial
neutral network on simulated tracks to distinguish the respective hypothesis from all
other hypotheses using the DLL variables, the momentum p and pp, and the track
fit quality in both the entire detector and each subdetector separately. The output
of the neural network is then simply scaled to be between zero and one. It therefore
does not represent the probability that a specific particle is of the respective type.
Furthermore, the requirements on the D° vertex are further narrowed by requiring a
smaller X2 per degree-of-freedom and a much shorter distance-of-closest-approach of
the four tracks. When dealing with events selected to be prompt, the contamination
of secondary decays needs to be understood. Section 5.4 already discussed ways
to discriminate prompt and secondarily produced particles in the context of the
cross-section measurements. For simplicity, the sensitivity study discussed here
applies a very tight cut of In X%p < 1 to remove essentially all secondary candidates
from the selected samples. However, this cut also removes about 30% to 40% of signal

events (see for example Figure 5.7) and an extension of the presented sensitivity
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Fig. 6.1: lllustration of the improved resolution after applying a decay tree fit for the mass
difference between reconstructed D** and D° candidates.

study might change to a more sophisticated treatment of secondary contamination

to boost the statistical sensitivity.

All reconstructed particles are affected by resolution effects that lead to the recon-
structed momenta being smeared with respect to the true quantities. This effect
is propagated to observables constructed from these momenta such as the set of
variables used to discriminate signal and background as well as the variables to
describe the phase-space of the decay. The resolution can be improved by using the
knowledge about the decay chain and performing a decay tree fit (DTF) [116]. In
such a fit, the vertex positions and momenta of the particles are allowed to float
within known resolution functions and constrained such that the D*t decay products
stem from one common point consistent with the PV. Additionally, the D° decay
products are required to stem from a common point in space with momenta such that
the four-body invariant mass is exactly equal to the known D° mass. An example
illustrating the improvement when applying a DTF is given in Figure 6.1, where the
mass differences Am between the D*" and D° candidate with and without the DTF
are compared. Only events whose DTF converges are selected and a very loose upper
limit is imposed on the fit 2. Lastly, an upper and lower limit on the decay time ¢ is
imposed whose cuts have been chosen such that they remove one permille in the RS
sample after the full selection has been applied. This cut is enforced to remove very

sparsely populated areas when obtaining the data-driven efficiencies in Section 6.2.3.

Figures 6.2 and 6.3 depict the obtained mass distributions after applying all the
selection criteria listed in Table 6.1 for the RS and WS sample respectively. The

distribution in m(DO) reveals that the contribution of combinatorial background,
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Tab. 6.1: Selection criteria for D° — K a7 7~ and D° = K ntn n" decays tagged to

stem from a D*" — D% " decay. Due to a very different kinematical distribution, the pion
produced in the decay of the D* is labelled as 7r§t with different sets of cuts applied than to
the pions stemming from the D° decay. Cuts applied in the HLT?2 line are given separately to
those which are applied offline.

Particle Variable HLT?2 selection Offline selection
P > 250 MeV/e > 250 MeV/e
P > 1GeV/e 3 < p[GeV/c] < 100
=, K* n — 2<n<b
Track X2 <3 -
Yip >3 > 4
DLLj_, <5 —
e ProbNN_ — > 0.5
ProbNN — < 0.7
ProbNN, — < 0.2
DLLg_, >5 —
ot ProbNN . — > 0.7
ProbNN_ — < 0.7
ProbNN,, — < 0.2
pr > 2GeV/e > 4 GeV/e
P > 30 GeV/e —
> opr > 1.8 GeV/e —
o Decay time ¢ > 0.1ps 0.17 < t[ps] < 3.25
DOCA < 100 mm < 0.2mm
DOCA x* <12 —
arccos(DIRA) < 20 mrad —
Vertex fit x*/ndf <12 <4
In XIZP — <1
Dt Vertex fit x*/ndf <10 —
m(D*t) —m(D°) —m(m,) < 30MeV/c? —
DTF — converged
DTF y? — < 100
pr > 100 MeV/e —
P — 3 < p[GeV/c] < 100
ProbNN — > 0.3
o ProbNN,, — <0.7
ProbNN,, — < 0.15
ProbNN,j, et — < 0.15
ProbNN, — < 0.1
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Fig. 6.2: Invariant mass distribution of the D° candidate (without DTF) and the Am distribution
(with DTF) in the RS sample. All selection criteria listed in Table 6.1 have been applied. Also
indicated are the signal and background regions.
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Fig. 6.3: Invariant mass distribution of the D° candidate (without DTF) and the Am distribution
(with DTF) in the WS sample. All selection criteria listed in Table 6.1 have been applied. Also
indicated are the signal and background regions.
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which is characterised by a practically flat distribution in the mass window, is small
compared to the size of the peak. While this signal peak is replicated in the mass
difference for the RS sample, indicating that the sample already has a high purity,
this is not the case for the WS sample that is dominated by true D' K ntrat
candidates associated with an incorrect pion when building the D*' candidate
(often referred to as random slow pion background). In the following, an additional,
optimised selection is developed to further reduce the background contributions in

the two samples.

6.1.3 Boosted decision tree

A boosted decision tree (BDT) is used to further reduce the backgrounds after the
cut based selection given in Table 6.1. The trained BDT focuses on suppressing the
random slow pion background?’. In order to develop the selection, the RS sample is
used, which is assumed to be identical to the WS sample as far as variables commonly
used in selections are concerned. A training sample consisting of mainly signal events
is constructed from the signal regions in both mass variables and a sample rich in
random slow pion background is formed by combining the signal region in m(DO)
with the background region in Am.

In general, the BDT optimises the selection to achieve the best separation between
different signal and background categories by giving a greater weight to events which
have been mis-classified in each iteration of the boosting. Therefore, even if the BDT
was not provided with the specific input variable, due to correlations it is capable of
picking up underlying relations, e.g. that the measured decay time ¢ is a variable
with strong separation power. Taking the decay time as an example, imposing a
selection criterion on the BDT discriminant might result in a complicated efficiency
dependence on the decay time and a suppression in the low decay-time region.
However, as discussed in Section 2.3.4, the sensitivity to the mixing parameters x
and y comes from the decay-time dependence and the best sensitivity is achieved
if the covered decay time range is as large as possible. Therefore, a modified BDT
implementation is used that on the one hand still applies a boosting algorithm
penalising misclassification while on the other hand also using a cost function in
each step of the boosting to improve uniformity of the efficiencies for a given set of
variables [117]. The BDT is trained using the transverse momenta pp of both the D°
and slow pion 77 candidate, the quality of the D*t candidate vertex fit, the vertex
distance significance x%p, and the y* of the decay tree fit. Figure 6.4 compares the
distributions of the input variables between the signal and background samples as

well as the produced output distribution of the BDT classifier, which shows good

3 The potential improvement with a second BDT, dedicated to reject combinatorial background,

was investigated but no improvements were found.
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Tab. 6.2: Optimised selection criteria obtained from applying a Bayesian optimisation procedure
to the Punzi figure of merit.

Variable Cut value
BDT > 0.45
75 ProbNN, > 0.75
7= ProbNN < 0.25
m. ProbNN, <0.15

T2 ProbNNg < 0.15

agreement between the distributions obtained in the training and testing samples

(30% of the signal and background samples are used for training, respectively).

The receiver operating characteristic (ROC) curve of the trained BDT, evaluated
on the test sample, is shown in Figure 6.5a and reveals an improved performance
compared to a cut-based selection on the individual input variables and a near
identical performance when comparing the two different boosting algorithms. In
addition, Figure 6.5b investigates the decay-time dependence of the BDT discriminant
by applying four different cuts corresponding to different global cut efficiencies and
the obtained efficiency dependence is flat in all four cases. As stated above, the
random slow pion background is dominating the overall background in the selected
WS sample and thus including 77 variables, especially PID variables, in the BDT
seems like a natural decision. However, while not applied in this sensitivity study, the
estimation of the efficiencies of requirements imposed on PID variables is typically
done using a data-driven technique relying on calibration samples (see Section 5.5.2),
which is substantially more complicated to apply to cases where PID variables are
included in the BDT. Therefore, the PID requirements imposed on the slow pion
candidate are optimised in conjunction with the cut on the BDT discriminant as

described in the following.

The cuts applied on the BDT discriminant as well as ProbNN_, ProbNNx, ProbNN,,
and ProbNNgy of the slow pion are optimised using Bayesian parameters optimi-

sation (following the description in Ref. [118]). The Punzi figure of merit is used,

given by:
— Naig/Nsig0 (6.1)
37V Noke
where Ny, and Ny, o are the number of events in the RS Am signal window before

and after the optimised selection divided by 300, and Ny, is the number of events
in the WS Am sidebands after the optimised selection divided by 20. Both scaling
factors are applied to approximate the number of signal and background events found

in the WS Am signal window, the sample of interest.
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Fig. 6.4: Input variables for the BDT trained to distinguish signal from random slow pion
background. Data plotted is taken from the signal window in m(D%) and Am (for signal) and
the m(D°) signal combined with Am background window (for random slow pion background).
Also shown is the distribution in the BDT discriminant after training for the classifier.
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Fig. 6.5: Performance of the BDT: (a) ROC curve comparison between the uniform BDT
and the classical AdaBoost implementation with simple cuts on the input variables. The area
under the ROC curve is given in the legend as well; (b) efficiency for different cuts on the BDT
discriminant (with total efficiencies as stated in the legend) as a function of the decay time t.

6.1.4 Removal of incorrect candidates

While the selection presented above focused on removing general backgrounds stem-
ming mostly from incorrectly selected slow pion candidates, the purity of the WS
sample can be further enhanced by explicitly studying the contamination from certain
misidentified or incorrectly reconstructed candidates. In the following, the studies

are performed with respect to the selection criteria described above.

Double mis-identification refers to the candidates which are built from two tracks
that have the incorrect particle hypothesis assigned. This is especially concerning
in the case where a true kaon is misidentified as a pion of opposite charge and vice
versa as this allows true RS decays to be accepted as WS candidates while being
tagged by the correct slow pion. While the selection summarised in the previous
section applies tight requirements to the PID variables, which reduces the likelihood
of this happening, exchanging the hypothesis in such a way roughly preserves the
overall energy of the decay and thus it is possible to obtain mis-identified candidates
still entering the mass range considered in this analysis. In order to remove any
contamination from RS decays that have been doubly mis-identified and thus tagged
as a WS candidate, a 60 MeV/c® exclusion window centered around the nominal D°
mass of 1864.83 Me\//c2 is defined on the invariant mass constructed after exchanging
the kaon and oppositely charged pion (both oppositely charged pions are considered).
Figure 6.6a shows the Am distribution in the WS sample, indicating the number
of events that are removed by this requirement. To gauge the efficiency of true,

correctly identified decays to pass the requirement, the same cut is applied to the RS
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Fig. 6.6: Distribution of Am in the WS and RS sample after excluding events where any of the
two D° invariant masses fall into +30 I\/IeV/c2 window around 1864.83 MeV/c2 after exchanging
the kaon's and oppositely charged pion’s mass hypotheses.

sample and the respective distribution is shown in Figure 6.6b. In the RS sample, the
contamination of doubly mis-identified WS decays falsely added to the RS sample
is assumed to be negligible and thus all decays removed by the requirement are
true RS decays. Comparing the numbers in the signal window before and after the
application of the cut, the efficiency is found to be 81.2%. Comparing the number of
events in the signal peak of the WS sample before and after the cut (using the fit
described in Section 6.1.5), 67.1% of the events are removed by the cut. Assuming
that the requirement removes all of the doubly mis-identified events and the efficiency
for true WS candidates is identical to the one obtained for the RS sample, 17.4%
of the WS candidates in the signal peak are mis-identified candidates before this

rejection cut is applied.

As stated before, both RS and WS samples are constructed from the same set
of four-body D° decays as only the additional 7. can tag the flavour of the D°.
Additionally, after the selection, the background in the WS sample is dominated
by true D° four-body decays that have not been matched with the correct slow
pion. Due to the much larger branching fraction of the CF decays, these decays are
very likely to be RS decays that have been incorrectly tagged as WS candidates.
Therefore, events are removed from the WS sample if a RS candidate built from
the same D° candidate is found in the Am signal window. Figure 6.7a depicts the
distribution of the accepted and rejected WS candidates, showing that about 10% of
the background is removed without affecting the number of signal events in the WS
sample.

A further source of combinatorial background is introduced by partial clones, which

are sets of tracks that share parts of their track segments, most commonly the segment
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Fig. 6.7: Overlap removal between WS and RS samples (shown distributions are not stacked)
(a) and clone track identification by looking for track pairs with tiny opening angle (b).

in the VELO: during the track reconstruction procedure, different tracks in the T
stations are matched to the same VELO track, resulting in tracks with identical
direction but different momentum and PID properties. To identify candidates
containing final state particles that are partial clones, the opening angle between
every possible pair of particles is studied (using the information before the decay
tree fit). One such example is shown in Figure 6.7b where a clear increase is seen
for an angle of practically zero. To remove these candidates, the opening angle
between every possible combination of final state particles comprising the candidate

is required to exceed 0.03°.

After applying all selections discussed, 0.3% of the events (pp bunch crossings) in the
WS sample have more than one selected candidate. Due to the highly suppressed
decay, it is practically impossible that two or more genuine candidates exist in the
same event and hence at most one of the candidates per event can be an actual signal
decay. Furthermore, additional candidates are not necessarily independent as they
might share a set of common particles, with the most prominent example being a
D° candidate that is matched with multiple 7 resulting in multiple candidates®. To
avoid any adverse effects from those multiple candidates and in light of the overall
very small fraction of events with multiple candidates, one of the candidates is chosen

randomly in events with multiple selected candidates.

6.1.5 Number of signal and background events

For a realistic estimate of the precision that can be expected on the mixing parameters

2" and 3", the number of signal and background candidates in the signal window of

Y In fact, this accounts for about half of the additional candidates in the sample.
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the WS sample needs to be determined. Similar to the cross-section measurement,
these numbers are obtained from extended maximum likelihood fits, this time to the
two-dimensional distribution in m(D°) and the DTF Am.

In principle, three different contributions can be disentangled in a two-dimensional
fit to m(DO) and Am: signal, random slow pion, and combinatorial background.
However, the amount of combinatorial background is negligible and the inclusion
of a component describing it in the fit is found to cause instabilities in the fit and
is therefore ignored in the following. For the m(D"), both signal and random slow

pion contributions are modelled using a single Johnson S;; distribution given by:

1.2
e 2"

27Tc-0~7'\/z2—|—17

SU<m’/L>O'7 I/aT) = (62)

with the substitutions

arcsin(z)
r=—y4—"
-
m— (p+c-o-y/wsinh(w))
z =
c-o ’
h—1

2y/hcosh(2w) + 1
h = 672, and

W = —VT.

In this parameterisation, u, o, v and 7 correspond to the mean, standard deviation,
skewness and kurtosis of the distribution, respectively. As the expected distribution
in m(D") is identical for both signal and random slow pion background, a common
shape with one set of parameters is used. Due to its great flexibility when modelling
skewed, asymmetric peaks, a Johnson Sy is also used to model the signal peak in

Am while the background is described using:

m— nLO A e
B(Am|AM, a,¢) o (1 — e ") . ( mo) , (6.3)
Am
where the parameter Am" is fixed to 139.57 MeV/c?. The fits are performed in the
range 1810 < m(D") < 1920 MeV/c? and 140.5 < Am < 160.5 MeV/c?.

Figure 6.8 gives the projections on the two dimensions of the fit for the WS. Generally,
a good description of the data is seen with a clear WS signal above a large background.
While not actually needed, the figure also depicts the corresponding RS fit, showing
a very pure RS sample with practically no background under the peak. The results
of the WS fit for all parameters describing the fit shapes as well as the yields are

given in Table 6.3. The number of signal and background events in the full dataset
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Fig. 6.8: Projections of the two-dimensional fit to m(DO) and Am for the RS and WS sample.

Only 65 pb_1 of the data is used. Also note that the plots show only a reduced area of the full
fit range.

(the combination of data recorded in 2015 and 2016) is then estimated by multiplying
the result for the yield by a factor 30 (= 2fb~'/65pb™'). The mixing fit, which
is described in the following section, is only performed in the Am signal window
as indicated in Figure 6.3, covering a 40.5 MeV/c2 window around the peak at
Am = 145.42MeV/c*. By integrating the signal and background PDFs one obtains
that 85.1% and 5.1% of the signal and background events respectively within the
fit range are situated in the signal region. Assuming Poisson uncertainties on the
expected number of events in the entire fit range, the expected number of signal and
background events in the relevant signal region (SR) is:

NS§ = 71170 £ 250, and
Nie = 87900 + 80.
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Tab. 6.3: Fit results for the two dimensional fit to m(DO) and Am in the WS sample. All
parameters are given dimensionless and hence rely on the masses being given in MeV/c2.

. 0.5117+£0.0082 | pp,, 145.45540.029
o, 8.375+0.032 | oa,, 0.41540.090
Lo, 1865.309+0.032 | va,, 0.0440.15
AmY, 139.57 TAm 0.89+0.18
A Am.p -0.3440.23 | Ny, 2790 +150
CAm.sp 2.11640.096 | Np,q  57580+280

6.2 The mixing fit

Having defined the selection and the dataset which is intended to be used in the
measurement, this section deals with the construction of a fit model to describe
the overall data in the WS signal region and extract the mixing parameters. To
provide structure to the remaining section, the basic ingredients necessary are neatly

explained by starting from the extended likelihood that will be minimised:

N

1 o —

{0 1)
{HNSig+NBkg sig " Psig( Pnio til0 ) + Noig - Pricg ( P il

—(Nsig+Npig) | (NSig + NBkg)N

N!

€ (Vs Mook, 0) - (6.4)

e

where N is the number of observed events in the dataset, Ngj, and Npy, the yields
for the individual species — signal and background — in the fit and Péig and P}lgkg
are normalised models describing the six-dimensional distribution in phase-space
®,, and decay time ¢ that depend on a potentially very large number of parameters
encoded in 6. Furthermore, a Poisson probability ensures that the sum of Ng;, and
Npyg is close to the observed number of events and an additional term C collects all
additional constraints, which are added to the likelihood to include external input

on the free parameters. Additionally, the signal and background models factorise as:

Péig <(I)m tlé) X 5sig(q)m t) ) PSig (q)m t|§> and
P]/Bkg (q)m tlé) X gbkg(q)m t) ' PBkg (q)m t‘e_) )

where 4, (P, ) and ey, (P, ) describe the acceptance and reconstruction effects,
which might differ for signal and background events, and Pg;, and Ppy, give the actual
distribution parameterising the physics. While the description of the background
is not necessarily separable into an efficiency and a model describing the physics,
e.g. if the background is mostly combinatorial, it is intentionally done here, and the
reasoning is discussed below. Furthermore, one assumes that given a fine enough
discretisation in the dependent variables, efficiency descriptions are independent of

the used decay model.
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Usually, the Péig and P]lgkg should also be convolved with a function describing the
resolution effects. However, resolution effects are not investigated on the scope of
this study. Consequently, a proper treatment of these resolution effects is a necessity
when expanding this study to a measurement. Nonetheless, due to the excellent
momentum resolution of LHCb, as discussed in Section 3.3.1, the impact of the

resolution effects are likely small, especially as a DTF is already applied.

After decomposing the different components of the likelihood, the following section
discusses the construction of the signal model Pg;,, followed by a discussion of the
modelling of background contributions, a derivation of an efficiency description, a
presentation of the constraints applied in the fit and concluded by an overview on

the implementation of the fit.

6.2.1 The signal model

The signal model Pg;, is given by the time and phase-space dependent decay amplitude

given in Equation (2.53), which is repeated here for convenience:

7DSig(t, (Dn) = Nf ' e_rt T2|ADCS((I)7L)|2

B ) y///Q + LUIHQ

— r|Apcs(®,,)||Acr (®,)|T

(Tt)?

Ay cos(8'(®,)) — 2" sin(8'(P,)) } - (6.5)

As a PDF, N} is the normalisation factor necessary to force the integral of Pg,
over all six dimensions to be unity. However, due to the additional term describing
the efficiencies 4, (®,,,t), there is no need to determine this factor explicitly as
only the product of Pg;, and g, (P, ) is required to be normalised. Details on the
integration itself are going to be discussed in Section 6.2.5. The additional factor r
is the same factor as in Equation (2.45) and introduced here to ensure the correct
overall difference in magnitude. This is necessary due to the way the amplitude
models are defined in the following but also very useful in practice as it allows to
easily constrain the overall difference in the decay rate between the two amplitudes
using external input (e.g. from the model-independent measurement discussed in
Section 2.3.3).

While the parameterisation of the time component is trivially done by simply using
the decay time, multiple choices exist to parameterise the phase-space component ®,,.
For this study, a combination of two invariant mass pairs and three angles is utilised

+

that is inspired by the decay D' KT rntn proceeding via a K7~ and 77~
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Fig. 6.9: Definition of the observables used to describe the five-dimensional phase-space. Figure
based on Ref. [119].

resonance. Therefore, the invariant masses are given by m(K +7r_) and m(7r+7r_).
The angle ¢ is given by the angle between the decay planes of these two resonances
in the rest frame of the D° and the two remaining angles, 6; and 65, are the helicity
angles of the 71 and K and are defined as the angle between the particle’s momen-
tum measured in the resonance rest frame and the flight distance of the resonance

determined in the D rest frame. An illustration is provided in Figure 6.9.

Section 2.4 discusses the general construction approach of models for decay amplitudes
and the different components entering that model. The actual models, which are
used in the following studies, are taken from preliminary studies performed within
the LHCb collaboration (which are internal at the time of this thesis). The model
for Apag(®,,) is given in Table 6.4 while Table 6.5 lists all entering resonances with
their complex coefficients for Aqp(®,,). Additionally, Table 6.6 provides the masses
and widths used for the respective lineshape. While the sensitivity study discussed in
this chapter will not delve into the construction of the models themselves, i.e. which
individual resonances are included, a discussion of the general way these models
are obtained is necessary. Both are constructed from fits to decay-time integrated
phase-space distributions of RS and WS events, using the full Run 1 dataset of
secondarily produced D° decays. Therefore, the model given in Table 6.4 is not,
strictly speaking, a model for the DCS decay but rather a model for WS decays as it
already includes the contribution from mixing. Nonetheless, due to the small effect
of mixing, the model is assumed to be a good enough approximation for a sensitivity
study. In an actual measurement though, it would be necessary to extract Apcg(®P,,)

in conjunction with the mixing parameters.

It was already discussed previously that the overall phase of the amplitudes cannot
be determined in the time-integrated fits as the PDF in those fits is proportional to
the amplitude squared. Furthermore, PDFs are, by definition, normalised and hence
there is also no sensitivity to the overall magnitude of the amplitudes Apcg(®,,) and

Acp(®,,) as any such factor is absorbed in the normalisation of the PDF. For both rea-
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Tab. 6.4: Decay chains considered in the amplitude Apcs(®,) describing the decay D% —
K7 7 7 and their corresponding complex coefficients. The model is a preliminary result
of the work that culminated in Ref. [120]. The shown spin factor enumerations refer to the
indices in Table 2.2.

Decay Chain Spin Factor R(¢;)  (¢;) Fit Fraction

K*(892)° [Kt 7 ]p(770)[x T 7] 1 1.000 0.000 0.0786

[ [
[K*(892) (K7 p(770) [x T |7 e —0.283 1.697  0.0360
) )

[
[

2
[K*(892)° KT 7| p(770) [x T ]| P 3 23.046 7.441  0.1128
p(1450)[7 7] K (1430) [K 7] 4 1.853 0.106 0.0742
K1 (1270) " [K*(892) (Kt n |xt]m~ 7 —0.419 —1.590  0.0578
K1 (1270) " [p(770) [x 7 K ¥ ]7 ™ 7 2.294 2669  0.1334
K,(1270) 1 [K*(1430) (Kt ] ] 9 —0.740  0.375 0.0233
K1(1400) T [K*(892)°[K T 7 |nt)m~ 7 —2.783 —2.295 0.2557
K*7~ 7 7" (non-resonant) - —0.407 —0.125 0.1767

sons, the complex coefficient of a large resonance, here K*(892)°[K™ 7~ |p(770)[x " 7]
in the S-wave configuration, is set to one. However, the overall magnitude of a decay
amplitude describes how likely a certain process is and the difference in overall mag-
nitude between the DCS and CF amplitude is crucial for the extraction of the mixing
parameters. Therefore, the additional parameter r was added to Equation (6.5) and
in the fit, Apcg(®,,) is normalised to have the same phase-space integrated magnitude
as Acp(®,,). In the following, the true value of r is approximated as 1/+/300.

6.2.2 The background model

The construction of a background model for the fit usually involves data-driven
methods to extract the shape from sidebands as the parameterisations for some
potential contributions are hard to define. However, as noted before, the background
in the WS sample is completely dominated by true D’ decays that have been
associated with the incorrect slow pion. Additionally, simply due to the large
difference in branching fraction of the CF to DCS, this background must consist
of mostly RS decays. Figure 6.10 shows a comparison between the WS sample
sidebands in Am as a proxy for the shape of the background in the signal region,
with the signal region in the RS sample for all variables used in the fit. A very
good agreement is seen for all phase-space variables with the decay time ¢ being the
only one showing small differences. This is expected: the DY candidates in the WS
sidebands are much softer than those in the RS signal region, leading to slightly
reduced efficiencies in the decay time as the same decay time leads, on average, to

less spatial displacement between the production and decay vertex. This difference
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Tab. 6.5: Decay chains considered in the amplitude ACF(GD,,) describing the decay D° —
and their corresponding complex coefficients. Details on the given information is
given in Table 6.4.

Kt atn™

Decay Chain Spin Factor R(¢;)) S(¢;)  Fit Fraction
K*(892)° [K 7w ]p(770)[x T 7] 1 1.000  0.000  0.0356
[K*(892) KT 7| p(770) [x T 7)) 7w 2 1.531 —0.886  0.0172
[K*(892)°[K* 7| p(770)[n )P~ 3 20.513 20.398  0.0726
[K*(1410)°[K 7 ]p(770) [ 7 ]] 2 4.001 —2.620  0.0093
K*(892)° [K 7] f(600)[x 7] 4 —0.770 —1.530 0.0468
p(1450) (77| K (1430) KT 4 —0.110  1.814  0.0318
K (1460) T [K*(892) K 7 |nt)n~ 5 —0.696 0.326  0.0131
K (1460) " [fo(1370) [z "7 |K |7~ 6 —0.849 0972  0.1135
K1 (1270) T [K*(892) K 7 |nt)m~ 7 0.601 —0.182 0.0038
K1 (1270) " [p(770) [z "7 JK |7~ 7 —~1.523 1244  0.0190
K1 (1270) T [K*(1430) (Kt Jn ]~ 9 0.248 —0.088 0.0011
K1 (1400) T [K*(892) KT 7 |nt 1w~ 7 —0.808 —0.358 0.0070
1T [K*(892)°[KT 7 |7t ]n 7 —15.322 —12.089 0.0209
K3 (1430) " [K*(892) (Kt m~ |7t ]m™ 10 17.008 —5.014 0.0022
K5(1430) T [p(770) [n 7 JK ) wt)w” 10 13.039 —1.935  0.0007
a1(1260)~ [p(770) [z T 7|7 KT 7 —0.639 —6.801  0.3417
a1 (1260)~[fo(600) [ "7~ ]x |K* 9 —0.062 2872  0.0621
a1(1260) [p(770)[x 7" )P KT 8 —9.465 15.390  0.0122
*tr 7" (non-resonant) - —0.265 —0.003 0.0312

Tab. 6.6: Necessary resonance properties for the model building. The listed mass, width, and

spin of the resonances are taken from Ref.[121] with the exception of K(1460)

whose properties are taken from Ref. [120].

Resonance Mass [GeV] Width [GeV] Spin
p(770)° 0.775 0.1478 1
K*(892)° 0.896 0.0474 1

a,(1260) 1.237 0.5260 1

K, (1270)* 1.272 0.0900 1

K, (1400)* 1.403 0.1740 1

K*(1410)" 1.414 0.2320 1

K*(1430)° 1.425 0.2700 0

K3(1430)" 1.426 0.0985 2
K (1460)~ 1.351 0.2810 0

~ and a,(1260)"
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Fig. 6.10: Comparison of the variables describing the decay between the WS sample sidebands
(as a proxy for the background in the signal region) and the signal region in the RS sample.

180



6.2 The mixing fit 6 Mixing in charm four-body decays

is caused by the wrong slow pion being used. The true slow pion’s momentum is
highly correlated with that of the DY due to the small available energy in D*" decays
and the selection applied to the slow pion candidate highly favours harder particles.
Therefore, D° mesons matched to correct pion average a higher momentum than
their incorrectly tagged counterparts whose momentum acceptance is not limited by

the slow pion.

Due to the very good agreement, the fit will model the background contribution
Ppy, using the RS decay rate as given, for example, in Equation (2.39). Likewise,
in pseudo-experiments events are sampled from this RS model. Lastly, the tiny
differences in the decay time acceptance compared to actual RS decays are neglected
for the scope of the sensitivity study. Therefore, the efficiencies ey, (®,,t) and
Esig(Pp, 1) are assumed to be identical. A model for these efficiencies is derived in

the following.

6.2.3 A description for the efficiencies

The task in this section is the derivation of an efficiency model, parameterising it
as a six-dimensional function of the five phase-space variables and the decay time.
A classical approach to construct the efficiencies has already been discussed in the
description of the cross-section measurements in Section 5.5: simulated samples are
used to obtain reconstruction and most of the selection efficiencies with data driven
corrections for tracking effects as well as a data-driven calibration technique for PID
selection requirements. Especially concerning the simulated sample, the measurement
discussed here is an ideal candidate to benefit from ReDecay to significantly reduce
the required computing resources. Unfortunately, due to technical problems with the
production of simulated samples for the latest LHC running conditions combined
with strict prioritisation within the collaboration, no simulated samples could be

obtained in time for this thesis.

This measurement does not need absolute efficiencies as any global factor again
disappears in the normalisation of Péig. Therefore, only the shape differences between
the distributions in the numerator and denominator of the efficiency are relevant.
For the numerator, a basically background-free sample describing the shape is given
by the events in the signal window of the RS sample. For the denominator, events
generated from the RS model given in Table 6.5 are used, which implicitly includes
the measurement which constructed the RS decay amplitude model as a prior in this

work.

Figure 6.11 depicts the obtained efficiencies as a function of the different observables
and in bins of another observable. While the decay time shows an expected increase

with increasing decay time and only a small dependence on other variables (and
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Fig. 6.11: Example selection of plots illustrating the shape of the relative efficiency as a
function of the observables and in bins of another observable to illustrate that the efficiency
does not factorise.
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Fig. 6.12: Example selection of plots illustrating the shape of the relative efficiency as a
function of the observables. For these plots the events in the denominator have been weighted
using the result of the BDT reweighter, showing the very good quality of this non-parameteric
description when correcting the six-dimensional efficiency.
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vice versa), the variations as a function of the phase-space variables lead to larger
variations especially at the edges of their respective ranges where those variations
are usually largest with an additional strong dependence on other phase-space
variables. In order to obtain a six-dimensional efficiency model that can capture all
this dependence, the same non-parametric approach as in Section 5.6.5 is used by
training a BDT reweighter [112] to reweight events generated from the RS model to
achieve a distribution that looks like the events in the signal region of the RS sample.
For this training, an independent set of generated events is used for the denominator
as well as only 20% of the respective RS data. A special treatment is necessary for
the phase-space variable ¢ in order to ensure a consistent result for the efficiency,
i.e. enforce identical efficiencies for ¢ = m and ¢ = —=, the BDT is trained using
the sine and cosine of ¢ instead of the angle itself. Figure 6.12 shows the result of
this reweighting after training the BDT by showing the same plots as in Figure 6.11,
but with the obtained efficiencies applied as weights to the generated events used
in the denominator of the efficiency. As expected, after applying those weights the
dependence of the relative efficiencies has essentially disappeared, pointing to a good

description of the six-dimensional efficiency by the BDT.

6.2.4 External constraints in the fit

Adding additional constraints to the likelihood, while optional, can greatly improve
the performance of the fit itself and reduce uncertainties on the parameters of interest.
Furthermore, adding a constraining term for a secondary parameter, such as r, that
is given by an external measurement, acts as an error propagation, projecting this
uncertainty on the axis of the parameter of interest in the likelihood parameter
space. The studies presented here will use two constraints, which, at their core, are
implemented to tackle the same underlying ambiguity when extracting the mixing

parameters with finite samples.

The first constrained parameter in the fit is 7, which is the parameter describing the
overall difference in magnitude of the CF and DCS amplitude. When looking at the
terms with different powers in decay time in the time-dependent amplitude given in
Equation (2.53), it is possible to separately absorb any increase or decrease of the
relative magnitude between the CF and DCS amplitude in a redefinition of the mixing
parameter. This is not true anymore when considering the entire time-dependent
amplitude instead of the individual terms as a different transformation is needed
for the quadratic and linear term. Nonetheless, due to the linear part being more
sensitive, this still leads to a flattening of the In £ over the x—y plane around the
minimum which, in turn, leads to an increase in the reported uncertainties. In fact,
tests using the sensitivity study set up presented in the next section reveal that, while

the minimisation still converges, the uncertainties are increased by up to one order
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of magnitude when no constraint is applied. The constraint itself is implemented
as a normal distribution centered at p = 1/4/300 with a width o corresponding to
a relative 2% uncertainty. The uncertainty corresponds to the one obtained in the
model-independent measurement [46]. Similar to this constraint, another constraint
is added to limit the freedom of the total background yield Ny, to the expected
amount of background in the signal window, estimated from a fit to the full mass
range as given in Section 6.1.5. This is necessary due to the nature of the background,
which is comprised of RS decays. Therefore, the effect of mixing in the WS signal
in the signal window could be compensated by the fitter by slightly increasing the
amount of background and thus adding more RS likeness to the distribution similar
to the effect of mixing itself. Consequently, this constraint is added to reduce any

occurring bias in the fit.

Adding constraints on the coefficients of the used models for the CF and DCS decay
amplitudes is also a possibility. However, they are not included for various reasons:
the CF amplitude is obtained from a sample of RS decays recorded during Run 1
of the LHC and the number of events far exceeds the statistics used in the fit to
the WS data in this work. Therefore, the CF amplitude is kept fixed in the fits
presented in the next section. However, on the contrary, the used DCS amplitude
was constructed from a much smaller sample and thus all constraints that could be
added would have little effect.

Lastly, when generating pseudo-data during the studies in the following section it is
important to remember that constraints added to the likelihood must be treated as
measurements [122]. In practice, this implies that in every toy, a new central value
for the mean p of the constraint must be sampled to ensure the correct distribution

of any pull statistic constructed from the ensemble of toy samples.

6.2.5 A few implementation details

The fit has been implemented in GooFit [123] to benefit from a substantial increase in
speed provided by the use of graphics processing units (GPU) compared to classical
CPUs. Details on the extension of GooFit as well as performance studies are discussed
in Ref. [124]. The most relevant detail of the implementation in the context here is
the handling of the integrals necessary to normalise Péig and P]lgkg. By construction,
no analytic expression for the integral across the five phase-space dimensions and
the decay time can exist due to the non-parametric implementation of the efficiency
description. Therefore, Monte Carlo integration is used (see Equation (4.2)) to
integrate the six-dimensional function. A common technique to improve the precision
of the integration is the use of importance sampling in the integration. This approach
is based on the idea that the integration sample used to compute the integral does not

necessarily need to follow a uniform distribution as Equation (4.2) can be modified
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as follows:

S N /o

/ f(7)d7 = / g Eg - g(T)dF ~ / o) 37 (;f,; , (6.6)
where f is the function that is supposed to be integrated by using Monte Carlo
integration, and ¢ is any distribution that is non-zero over the entire integration space
with an integral V. The entries #; are random points sampled from ¢g. Assuming g
has an analytic integral, the precision can be improved if g resembles f as closely
as possible. Therefore, the task is to find a distribution that resembles the six-
dimensional, time-dependent amplitude model including the efficiencies as close as
possible. For the decay-time dimension, ¢ is chosen as a combination of a linear
distribution with an exponential tail, whose exponent is chosen such that is falls less
quickly than the decay time in the model. The resulting shape is compared to the
decay time in the efficiency corrected model in Figure 6.13. For the integration of
the phase-space dimensions, a very useful feature of Equation (6.6) in light of the
application here, a likelihood fit, is exploited: V solely depends on the sampling
distribution, not f. Therefore, the same factor V' exists in front of every term that
needs to be normalised in Equation (6.4), namely Pg;, and Ppy,. Therefore, the
factor V' can be pulled out of the product over all events, leading to a constant global
factor V¥ that has no effect on the minimisation as it drops out in the derivatives of
the log-likelihood. Hence, it does not matter whether the integral of ¢(Z) is known
or not as it only changes the height of the minimum, but not its position or shape.
Thus, the importance sampling for the phase-space components uses a distribution
that naturally closely resembles the distributions that need to be integrated: the RS

model with the parameters as given in Table 6.5.

Nonetheless, the overall precision of the integration still gives rise to a potential
systematic uncertainty. While the precision is proportional to 1/ V/N, where N is
the size of the integration sample, and could thus be eliminated by a sufficiently
large sample, this is not applicable in the current setup of the fit. Due to memory
limitations of the GPU, only around seven million integration events can be stored
on the GPU and on-the-fly generation of integration events is not possible due
to the non-parametric description of the efficiencies. The efficiencies can only be
evaluated on the CPU and are thus included as a precomputed value together with
each integration event that are loaded onto the GPU at the beginning of each fit.
Performing these memory transfers is too costly to be performed per minimisation
step, and thus it is unfeasible to access more than the seven million events originally
loaded onto the GPU at the beginning of each fit. The effect of the chosen integration

sample is investigated in the following studies and treated as a systematic uncertainty.
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Fig. 6.13: lllustration of the importance sampling shape (orange) compared to the integrand
(blue).

6.3 The sensitivity study

Having determined the number of signal and background events and discussed the
setup of the mixing fit and the used models and shapes, this section presents results
of sensitivity studies to shed light onto the expected statistical precision on the
mixing parameters 2"’ and y". For this purpose, pseudo-experiments are performed
where each sample is obtained by combining WS (for signal) and RS (for background)
events in the correct mixture to achieve the same ratio of signal to background as in

the signal window in the WS data sample.

As a first step, ten million events are randomly generated according to the models
listed in Tables 6.4 and 6.5, and each event is assigned the respective efficiency from
the BDT reweighter. The mixing parameters are set to the current world average
values, 2 = 0.0046 and y"” = 0.0062, and 7 = 0.4101 ps is used for the lifetime.
Additionally, no CP violation is assumed and hence p/q is set to one. To generate
one pseudo-sample, new yields for the two species, Ngj, and Npy,, are randomly
sampled from a Poisson distribution centred at the expected values for the combined
2015 and 2016 dataset as obtained in Section 6.1.5. For each of the species, events
are then randomly taken out of the respective large sample (with replacement) and a
hit-and-miss method using the efficiency is applied to obtain an unweighted sample
following the efficiency-corrected model. This process is repeated until the respective,
sample-specific number of signal and background events is obtained. Finally, the two
species are combined and new values for the two constraints are sampled in each

pseudo-experiment.
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Fig. 6.14: Results of a fit of 200 pseudo-samples where the amplitude models Acg(®,) and
Apcs(®,) are fixed, leaving only five parameters left to float. On the left, a summary of the
obtained pull distribution is given: the black marker indicates the mean of the obtained pulls
for the respective parameter while the extent of the error bar illustrates the standard deviation.
Ideally, the marker should be centred at zero with the standard deviation extending out to
+1. In addition, the light and dark blue areas indicate the uncertainty on both the standard
deviation and the mean due to the finite number of pseudo-experiments while the red area
indicates the spread of the pull mean from variation of the used integration sample. The
obtained correlations between the parameters are given on the right in percent. The parameter

p is defined as p = \/XW2 —I—y"lz.

6.3.1 Fixed amplitude models

First sensitivity studies are performed by fixing all parameters in the two amplitude
models, leaving only the number of signal and background events, Ngj, and Ny,
the ratio of the amplitudes r and the two mixing parameters " and 3" free. In
total, 200 pseudo-samples are created and fitted. Figure 6.14 depicts the result of
this sensitivity test. The pull distributions for the different parameters, where the

pull is defined as:

pul = 2= (6.7)
for a parameter v, generally show a good agreement with the desired case where
the pull distribution is centred at zero with a standard deviation of one. The main
parameters of interest, "’ and y", show a small bias towards values smaller than
the respective true value of 20% and 10% of the statistical uncertainty respectively.
By construction, the fit model is at least in theory capable of describing the pseudo-
samples perfectly and thus potential sources for this bias need to be investigated. First
of all, the fit model only describes the data perfectly if the individual components of
the fit are correctly normalised. However, as noted before, this is not strictly true
in this case due to the finite number of integration events being used. The effect of

the integration sample is investigated by repeating the fit multiple times with an
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identical pseudo-sample but using statistically independent sets of integration events.
The standard deviation of a parameter is then taken as a measure for accessing the
impact of the integration sample choice onto the specific parameter. While only
negligible effects are seen for Ng,, Npy, and r, the deviations correspond to 15% of
the total statistical uncertainty on " and y". This deviation is also indicated in
Figure 6.14. It accounts for almost all of the visible bias on the respective parameters
and is thus assigned as a systematic uncertainty. The final statistical uncertainties

on the mixing parameters are:

o.m=0.028-10"% and (6.8)
o =0.029-1077 . 6.9
Yy

The correlation table, which is also given in Figure 6.14, shows a negligible amount

of correlation between the two parameters.

6.3.2 Floating DCS amplitude model

Section 6.2.1 already highlighted the fact that, while being a good approximation,
the used Apcg(®,) is not an actual DCS model but rather a WS model as it
includes the effects of mixing. Therefore, its coefficients will need to float in the
fit to actually extract the amplitude model at ¢t = 0, the true DCS model. To
investigate the effect on the expected sensitivity, which might be reduced by strong
correlations between mixing parameters and coefficients, all but the coefficient of the
K*(892)°[K™7 ] p(770) [ 7] resonance in the S-wave configuration are allowed to
float in the fit. This is deliberately done to ensure the fit converges. Floating the
magnitude of all coefficients would result in a disambiguity as the overall magnitude
of the DCS model is absorbed when normalising it to ensure a consistent definition
of r. Additionally, the unlocking of the phase of all coefficients allows a rotation
of the entire amplitude by a global phase, which also results in ambiguity with the

o " " . . .
mixing parameters ' and y as discussed in Section 2.3.4.

The results of these pseudo-experiments are presented in the same format as before
in Figures 6.15 and 6.16, which show the statistics of the pull distribution for all
relevant parameters as well as the correlation matrix. Most importantly, the general

picture for the mixing parameters, " and "

, has slightly improved as they now
show good agreement with the true value. Furthermore, the uncertainties obtained
from the fit have only marginally changed. This behaviour is confirmed by the
correlation pattern as 2" and 3" are only mildly correlated with the additional
shape parameters. Overall, the extracted coefficients are in decent agreement with
expectations while a much larger dependence on the integration sample is seen. This

is consistent with the previous fit where the dependence on the integration sample
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Fig. 6.15: Results of a fit of 200 toys where the amplitude model Acg(®,) is fixed and
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Fig. 6.16: Correlation matrix for a toy fit with all coefficients in the DCS model floating. For
better readability, the shown parameters are automatically sorted to create large blocks of
similar correlation.
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had to be absorbed into the mixing parameters, leading to the bias seen while in

this fit the bias from the integration sample is contained in the model coefficients.

In summary, the expected statistical precision on the mixing parameters when floating

all coefficients of the Apcg(®,,) amplitude model are:

o =0.029-10"% and (6.10)
om=0031-10"2, 6.11
)

6.3.3 Systematic uncertainties

In the following, different sources of systematic uncertainty are discussed, which
have been identified as leading sources in other model-dependent mixing measure-
ments [125]. As most of these sources rely on introducing modifications to the
amplitude models Apcg(®,,) and Acp(®,,) used in the fit, one problem arises: modi-
fied models lead to a different phase difference, which changes the unknown global
phase between Apcg(®,) and Acp(®,,). As Section 2.3.4 detailed, this global phase
is absorbed in a redefinition of the mixing parameters. However, a modified model
leads to a different global phase difference, which implicitly changes the definition
of the mixing parameters in the fit. Therefore, the introduction of a systematic
variation can change the mixing parameters due to a redefinition of the parameters
themselves or due to an actual systematic effect altering their values, where only the
latter is of interest when accessing the impact of systematic variations. To estimate

this impact, the quantity:

p= \/JIIH2 +y///2 _ \/372 +y2 7 (612)

which is invariant under a redefinition” of the mixing parameters, is used instead.
The statistical precision on this parameter in the scenario where the coefficients of

the Apcg(®P,) model are floating is:
o, =0.029-107%. (6.13)

To remove statistical effects, the variation of p with systematic effects is studied
using the same set of pseudo-experiments as before, producing one deviation per
pseudo-sample. The total systematic effect is then taken as the average of these
deviations over all pseudo-experiments. The estimates given in the following are
intended purely to illustrate the expected sizes and do not aim to be accurate enough

for an actual measurement. Furthermore, resolution-related effects cannot be studied

> The redefinition due to an unknown global phase difference between Apcs(®,,) and Agp(®,,)

. " "
corresponds to a rotation of " and y .
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due to the lack of a simulated sample to study the resolution on the phase-space

variables and the decay time.
Meson radius in Blatt-Weisskopf form factors

The meson radius in the Blatt-Weisskopf form factors of 5GeV ™" for the D" and
1.5GeV ™! for the resonances are chosen rather arbitrarily here as no dedicated
measurements exist to date. To access the impact this choice can have on the mixing
parameters, the previous pseudo-experiments are repeated with fit models where the
meson radii of the D° meson and the resonances are separately changed by +4%.
When varying the D" radius, the average absolute change (averaging the up and
down variation) of p is 0.0028 - 10”2 which corresponds to 9% of the total statistical
precision while a shift of 0.0085 - 107 (28% of the statistical uncertainty) is seen
when varying the resonance radius. Taking both values in quadrature, this source of

systematic uncertainty is estimated to contribute 30% of the statistical uncertainty.
Modifying the resonances used in the Apcg(P,) model

Extending this measurement to use real data requires the construction of the am-
plitude model that includes the decision on which resonances to use as multiple
solutions usually return a similar fit quality. To get an idea of the expected effect
on the obtained mixing parameters in the sensitivity study, the pseudo-experiments
are repeated after adding additional resonances found in the Aqp(®,,) model, which
are not part of the Apcg(®P, ) model used when generating the pseudo-samples. Sev-
eral different resonances are tried one at a time and the largest shift is seen when
adding K*(892)°[K™ 7] f,(600)[x 7], which changes the obtained value for p by
0.0076 - 1072, corresponding to 25% of the statistical uncertainty.

Efficiency description

The non-parametric efficiency description obtained from a trained BDT reweighter
introduces multiple potential sources of systematic uncertainty: a statistical compo-
nent due to the size of the sample used for the training, an uncertainty due to the
chosen inputs for the training, as well as the quality of the training itself. The first
source of uncertainty due to the finite size of the training sample is assumed to be
negligible: when real RS data is used in the training, the potential sample size far
exceeds the WS sample which is fitted. For the second source, this picture changes:
while the numerator of the efficiency is correct by construction if real data is used,
the assumed model for the denominator comes with its own set of uncertainties (on
the coefficients, lineshape parameters etc.). However, for the efficiency computation,
only the distribution in the six variables is necessary, which is given by the magnitude

of the amplitude and is not sensitive to phases or the used resonances as long as the
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overall shape remains unchanged. Therefore, the sensitivity to modelling effects is
expected to be significantly reduced. Nonetheless, to propagate the uncertainties on
the model to an uncertainty on the obtained mixing parameters it is necessary to use
pseudo-experiments where different non-parametric descriptions are tested. These
were trained using models for the denominator with varied values for the parameters
as well as different settings for the BDT itself. However, such a study is beyond the
scope of this sensitivity study and therefore, based on the good description seen in
Figure 6.12, the effect is expected to be small and assumed to be at most 20% of the

statistical uncertainty in the following.
Integration precision

As already discussed earlier, the finite size of the sample used for the normalisation
is another potential source of systematic uncertainty. It is accessed by repeating the
fit to the same pseudo-sample, i.e. with the identical events in it as well as the same
central values for the constraints, with statistically independent integration samples.
Overall, the deviation of p across all integration samples is found to be 15% of the
statistical uncertainty. Validation studies reveal that this spread does not depend on

the pseudo-sample that is chosen for this study.
Summary

Adding the four different sources of systematic uncertainty in quadrature yields a
total systematic uncertainty of 46% on p. It is noteworthy here that none of the
sources of systematic uncertainty discussed above is linked to the size of the data
sample and is expected to decrease with increasing data. Therefore, with more
data becoming available, a real measurement is expected to become systematically

dominated very quickly.

6.4 Summary — impact on world average of x and y

A realistic estimate is obtained for the statistical uncertainty on the mixing parameters
2" and y"” using D= Ktrntn decays. These studies rely on extensive work
based on real data to estimate the number of signal events in the combination
of the 2015 and 2016 dataset recorded by LHCb. Additionally, an appropriate
non-parameteric description of the reconstruction and selection efficiency is derived.
Furthermore, a discussion on potential systematic uncertainties together with rough

estimates is given. In conclusion, the final result of the sensitivity study is:

o =0.029 - 10 %(stat.) £ 0.026 - 10~ *(syst.) and (6.14)
o, = 0.032 - 10~ %(stat.) + 0.029 - 10~ (syst.) , (6.15)
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Fig. 6.17: Predicted impact of a measurement of x” and y” in D°— K n "7~ [126].

where it is assumed that the uncertainty expressed as a fraction of the statistical

" Additionally, the systematic uncer-

uncertainty on p can be applied to 2" and ¥y
tainty is inflated by a factor of two to take into account contributions from potential
sources that cannot be investigated on the scope of this sensitivity study. If a careful
study of the systematic uncertainties in the actual measurement reveal a similar
precision this would constitute the single most precise measurement of the mixing
parameters to date. However, as the mixing parameters are only measured with an
unknown rotation they will only contribute a ring in the x—y plane to the world

average fit, albeit with very high constraining power in the radial direction.

The impact on the world average (see Section 2.3.6) is illustrated in Figure 6.17,
where a substantial improvement is seen along the radial direction, as expected.
This sensitivity study can also be used to assess the expected sensitivity on p/q, the
parameter describing the effect of indirect CP violation, which has been assumed to

be one so far. By reintroducing the parameter:

e (6.16)

to Equation (2.50), modified transformations of the mixing parameters can be

obtained:
m |4 q .
Ty = L—? x cos(y — @) + ’z—? ysin(dy — @) , (6.17)
" q q 3
Yt = ‘; ycos(dp — @) — ‘]; zsin(dp — @) (6.18)
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Fig. 6.18: Impact of a measurement of ‘%’ and ¢ as in the studies presented in this work on

the world average [126]. The estimate based on this work is constructed as described in the
text.

P 'g x cos(dg + @) + ’g ysin(dy + ¢) , (6.19)
" _ 'g ycos(dy + @) — ‘s xsin(dg + @) , (6.20)

where 2] and 3] are the transformations for D’ — K7 777~ decays and z” and
y" are those for D' K ntn ot decays. These transformations absorb not only
the unknown strong phase difference between the decay amplitudes but also the weak
phase difference and absolute values of ¢/p in a redefinition of the mixing parameters.
It is therefore possible to estimate both |¢/p| and ¢ by splitting the WS sample into
D" and D decays and performing the fit in each of these samples to extract the
respective mixing parameters. For the sensitivity study it is assumed that the sample
contains the same amount of D and DY, resulting in an increase of the statistical
uncertainty by a factor v/2 with respect to the values given in Equations (6.15)
and (6.15). Figure 6.18 shows the results of this sensitivity study, which assumes
that the mixing parameters for both the D and D° sub-sample are set such that
the resulting two-dimensional likelihood is at its maximal in the best-fit point of the

world average. The impact on the world average is again substantial.

In conclusion, the presented sensitivity studies reveal great potential for a future
measurement of neutral charm meson mixing using D° — K 7 nt7x~ decays in a
model-dependent approach. Such an extension can rely on the data-driven work

undertaken for the studies discussed in this work, namely a finalised event selection
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procedure, the determination of a suitable background model and a description of
the efficiencies in the fit.
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/. A glimpse into the future

At the end of each of the previous chapters, a summary and conclusion of the
respective results has already been given. Instead of simply reiterating the points
already made, this thesis concludes by collecting the different aspects and glimpsing

into a hopefully optimistic future for charm physics at the LHC.

The measurements of charm meson production cross-sections in Chapter 5 reveal very
large cross-sections for the DY production in pp collisions at /s = 13 TeV of around
2mb. To put this into perspective, the total inelastic pp cross-section at the same
energy is around 80 mb [127]. This implies that in the current LHC running period,
where LHCD sees, on average, one pp collision per bunch crossing, 2% of all bunch
crossings in the detector contain a D" meson in the LHCb acceptance. Considering
the plans for the LHCb upgrade, which involves an increase of the number of pp
collisions per bunch crossing to five, the fraction of bunch crossings containing a
D in the acceptance will rise to 12%, corresponding to about three million D° per
second at full intensity. This truly illustrates LHCDb’s great potential as a charm

factory.

This potential is exploited in Chapter 6, which finds an expected statistical precision
on the mixing parameters that is a factor three more precise in \/z* + y* than
the current world average, solely based on the data that were recorded by LHCb
during 2015 and 2016, corresponding to an integrated luminosity of 2fb~'. The
entire luminosity recorded during Run 2 is expected to amount to 5 b=, which will
improve the statistical uncertainty further by a factor of roughly v/2. Even more
so, current projections expect an integrated luminosity of 50 fb™ during Run 3 of
the LHC with the LHCb upgrade installed, improving the statistical precision by a

factor of five compared to the values discussed in this work.

At such a statistical precision, the measurements are expected to be dominated by
systematic uncertainties. Especially amplitude-model related uncertainties, which
gave the largest contribution in the studies presented here, will not reduce with
more data. Additionally, the limitations of the isobar approach will become more
apparent, requiring updated theoretical descriptions to further enhance the precision.
Furthermore, the large datasets require very large simulated samples to understand
resolution and acceptance effects in an analysis. The ReDecay approach, which is
presented in this thesis, is an ideal solution, providing an order of magnitude increase
in speed at the full precision of the nominal simulation. This allows the systematic

uncertainty due to the size of the simulated samples to be kept small relative to the

199



7 A glimpse into the future

statistical precision, a crucial requirement to be able to benefit from the large data

samples.

Closing the circle to the introduction of this thesis, the substantial improvement in
the precision on the mixing parameters implies a similar increase in the sensitivity
to indirect CP violation. Experimental focus is expected to shift from measurements
of mixing parameters to those sensitive to differences between D° and D°. CP
violation in the charm sector is the last missing piece in the Standard Model quark
CP violation. With the much larger sample and resulting increased sensitivity, there
is hope that this missing piece will be determined and will not fit into the puzzle,
hence providing a hint at physics beyond the Standard Model. However, only more

data can tell if this is the case or not.
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