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Abstract

This dissertation presents a search for physics beyond the Standard Model in
D — wfr~ptp~ and D° — KTK~putpu~ decays at the LHCb experiment.
These rare four-body decays of neutral charm mesons receive contributions from
electroweak flavour-changing neutral current ¢ — u¢* ¢~ transitions and are unique
probes for potential new heavy degrees of freedom and for additional sources
of C'P violation in the up-type quark sector. Using a sample of proton-proton
collisions corresponding to an integrated luminosity of 2fb~" recorded at a center-
of-mass energy of 8 TeV in 2012, the first observation of D° — 7#F7—pu*p~ and
D — K™K~ p*p~ decays is reported. Furthermore, their branching fractions are
measured. With an increased data set, corresponding to an integrated luminosity of
5fb~" and recorded at center-of-mass energies of 7,8 and 13 TeV in the years 2011-
2016, the first measurement of the C'P asymmetry Acp, the forward-backward
asymmetry in the lepton system App and the triple-product asymmetry Asg in
these decays is presented. All observables are also investigated as functions of the

dimuon mass. The results are consistent with Standard Model predictions.

Zusammenfassung

In dieser Dissertation wird die Suche nach Physik jenseits des Standardmodells
in den Zerfillen D° — 77~ p*p~ und D° — KTK~ ™~ beim LHCb Experi-
ment vorgestellt. Diese seltene Vierkorperzerfille neutraler Charm-Mesonen sind
sensitiv auf Beitrage von flavourdndernden ¢ — ul*¢~ Ubergéngen, die durch
elektroschwache neutrale Strome vermittelt werden. Sie stellen die einzigartige
Moglichkeit dar, nach neuen schweren Freiheitsgraden und zusatzlichen Quellen der
CP-Verletzung im up-type Quarksektor zu suchen. Mit Hilfe von Proton-Proton
Kollisionsdaten, die einer integrierten Luminositiat von 2fb~! entsprechen und
bei einer Schwerpunktsenergie von 8 TeV im Jahre 2012 aufgezeichnet wurden,
konnen die seltenen Zerfillen D° — ntn~putp~ und D° — KTK—ptp~ zum
ersten mal nachgewiesen werden. Aulerdem werden ihre Verzweigungsverhéltnisse
gemessen. Unter Verwendung eines erweiterten Datensatzes, der einer integrierten
Luminositit von 5fb~" entspricht und in den Jahren 2011-2016 bei Schwerpunkt-
senergien von 7,8 und 13 TeV aufgezeichnet wurde, wird die erste Messung der CP-
Asymmetrie Acp, der vorwéarts-riickwérts Asymmetrie im Leptonensystem App
und der Spatproduktasymmetie As, in diesen Zerfallskanélen vorgestellt. Alle Ob-
servablen werden auch als Funktion der invarianten Masse des Zwei-Myonsystems

untersucht. Die Ergebnisse bestéatigen die Vorhersagen des Standardmodells.






Preface
The measurements presented here have been published in peer-reviewed journals:

e “Observation of D° meson decays to 77~ u*p~ and K™K ptp~ final
states”, published in Phys. Rev. Lett. 119 (2017) 181805 [1].

o “Measurement of angular and CP asymmetries in D° — 7F7~uTu~ and
D® — K*K~pu"p~ decays”, published in Phys. Rev. Lett. 121 (2018) 091801
[2].

The author of this thesis is the main author of the above publications and the
main person responsible of the analysis work from which they originate. This
work has been carried out by the author within the LHCb collaboration, which is
an international association of more than 1200 scientists and engineers from 77
institutes in 17 countries. This implies the usage of common software to analyse
the data collected by the LHCb experiment. Both the collection of the data and
the development of common software used to analyse them result from the effort
of many current and former collaboration members. The author presented the
results of the above publications for the first time to a public audience at the
FEuropean Physical Society Conference on High Energy Physics 2017 in Venice
and the 9th International Workshop on Charm Physics 2018 in Novosibirsk,
respectively. Supplemental material has been made public in Refs. [3/|4]. A more
technical and detailed description of the analyses is available internally to the
LHCD collaboration in Refs. [5,/6].
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Introduction

For a long time, precision measurements of the parameters of the Standard
Model (SM) of particle physics have been the primary goal of experimental high
energy particle physics. The SM is the theory describing the fundamental particles
and their interactions in the frame of a relativistic quantum field theory. The
complete formulation of the SM has been finally confirmed only in 2012 with the
observation of the Higgs boson, the quantum field responsible for electroweak
symmetry breaking. Based on a very limited number of parameters that need to
be determined experimentally, the SM is able to describe with great accuracy
a large body of experimental high-energy-physics data. However, it is widely
recognized that there are many phenomena that the SM cannot account for,
pointing to the idea that a more fundamental theory must exist. Examples are
the origin of the masses of the neutrinos; the existence of dark matter and dark
energy, which are experimentally well motivated by astronomical observations;
the necessity for additional sources of C'P violation that can explain the observed
matter-antimatter asymmetry of the universe. For these (and many other) reasons,
instead of measuring the SM parameters with increasing precision, today, the
effort is rather aimed at finding hints for its breakdown.

Situated at the European Organization for Nuclear Research (CERN), a circular
collider called the Large Hadron Collider (LHC) has been in operation since
2009. Four large detectors are built around the crossing points of two oppositely
circulating hadron beams, where proton-proton interactions at center-of-mass
energies up to /s=13TeV are recorded. This high collision energy allows to search
for physics beyond the SM that has never been accessible in a laboratory before.

At the LHC, there are two main approaches to search for SM extensions. The
first one is to search for heavy new particles in the direct production at the
energy frontier as for example done by the ATLAS and CMS collaborations. The
second approach is followed by the LHCb collaboration, whose primary goal is to
study decays of heavy flavoured hadrons containing c¢- and b-quarks. At LHCb,
physics beyond the SM is searched for indirectly via the investigation of processes

involving higher order quantum loops, where heavy and yet unobserved particles
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Introduction

can contribute. New particles can both enhance the rate of such a process, but
also change the angular distributions of the final state particles, or introduce
additional sources of C'P violation.

In this respect, a promising field of research is the study of rare decay processes
mediated by flavour-changing neutral currents (FCNC), as they can only occur
via electroweak quantum loop amplitudes and are therefore highly sensitive to
potential contributions of unknown particles and interactions. In the past decades,
most of the experimental effort has focussed on studying FCNC processes in the
kaon and beauty sectors, while the investigation of charm transitions has just
started.

In this thesis, the rare charm decay$’| D° — 7+~ p*p~ and D° — K+ K~ pu*pu~,
collectively referred to as D° — h™h~puTu~ (h = 7, K), are studied. These decays
may proceed at short distances (SD) via FCNC ¢ — wlt¢~ transitions that
would account for a branching fraction of O(107?). However, long-distance (LD)
contributions due to tree-level decays via intermediate resonances V' of the form
D% — hTh~V(— pp™) are also possible and increase the branching fraction to
O(107%). These decays have been below the experimental sensitivity for many years
and are accessible only today at LHCb, where, thanks to the huge cc production
cross-section available, O(10'?) neutral charm mesons have been produced during
the years 2011-2016.

Experimentally, access to the SD physics can be gained by measuring the
branching fraction in regions of dimuon mass where the influence of the resonances
is minimal. This approach is, however, limited because the long tails of the
resonances populate the whole dimuon-mass spectrum and can only lead to hints
of physics beyond the SM if their contributions are large. A more promising strategy
is to exploit the rich angular structure of four-body decays and to investigate
kinematical correlations of the final state particles. C'P asymmetries and some
angular asymmetries are expected to be null in the SM, but can be as large as
O(107?) in new physics scenarios.

This thesis presents the first observation of D°— 77 p*p~ and
D — Kt*K~p*p~ decays, the measurement of their branching fractions and
a number of angular and CP asymmetries.

The structure is as follows: in the theoretical background is presented,
focussing on the limitations of the SM, the phenomenology of rare charm decays and
how these can be used to search for physics beyond the SM. The LHC accelerator

and LHCb experiment, which are the experimental environment relevant for this
thesis, are described in Then, briefly discusses the signal decay

2Charge-conjugated decays are implied unless stated otherwise.
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Introduction

topology and how the rare signal processes are searched for in the proton-proton
collision samples collected by the LHCb detector. Signal yields are determined
on a statistical basis using a maximum likelihood fit, whose details are presented
in The first observation and measurement of the branching fraction is
presented in detail in The description of the measurement of the C'P
asymmetry and angular asymmetries follows in before final concluding

remarks are given in the end.
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Charm physics in the Standard
Model and beyond

The theoretical background of the thesis is set in this chapter. Starting from a
general description of the Standard Model, its limitation and possible extensions
are discussed. Special focus is given on rare charm decays and how they can be used
to search for hints of physics beyond the Standard Model. This is followed by a
more detailed description of the phenomenology of D° — hth=u*u~ decays, where

all the observables that are measured in the context of this thesis are discussed.

1.1 The Standard Model of particle physics

The Standard Model (SM) of particle physics was developed over the years by
many scientists around the world with its current formulation dating back to the
mid-1970’s [719]. In this section, a short summary of the SM is given. The aim is
not to depict the SM in full details but to give an overview of the fundamental
particles and forces that it describes. For a more detailed review see for example
Ref. |10].

The SM is a renormalizable quantum field theory, combining the principles
of Lorentz invariance and quantum theory. Building a field theory starts with
postulating a symmetry group and the particleﬂ content. The dynamics and
kinematics of the theory are then derived from the Lagrangian which contains
all possible and renormalizable terms that are invariant under transformations
of the symmetry group. Interactions mediated by the exchange of gauge bosons
with integer spin naturally arise as a consequence of the gauge invariance. The

(unbroken) symmetry group of the SM is

Gsy = SU2), x U(1)y x SU(3)¢,

In a quantum field theory, particle fields are the fundamental objects, where the particles
are created by excitations of the fields. For simplicity, in this chapter the terms are used
synonymously.



1 Charm physics in the Standard Model and beyond

fermions
Generation leptons quarks
flavour el. charge mass flavour el. charge mass
1 Ve 0 <0.2eV/c? u +2/3 2.2 MeV/c*
e -1 0.51 MeV/c? d -1/3 4.7 MeV/c?
5 v 0 <0.2eV/c? c +2/3  1.28GeV/c?
1 -1 105.66 MeV/c? s -1/3 95 MeV/c?
3 v, 0 <0.2eV/c? t +2/3 4.2 GeV/c?
T -1 1776.86 MeV/c? b -1/3 173 GeV/c?
. bosons
Interaction . .
particle  el. charge spin mass
electromagnetic | photon () 0 1 0
W 1 1 80.4 GeV/c?
weak W= -1 1 80.4 GeV/c?
A 0 1 91.2 GeV/c?
strong gluon (g) 0 1 0
Higgs 0 0 125.18GeV/c?

Table 1.1: The fermionic (top) and bosonic (bottom) particle content of the sponta-
neously broken SM. Masses taken from [12].

where invariance under SU(2), x U(1)y is responsible for the electroweak, i.e.
the combined electromagnetic and weak interactions and SU(3)¢ leads to the
strong interaction. Gravity is not included in the SM. According to Noether’s
theorem [11], each continuous symmetry of the system leads to a conserved
charge. The gauge bosons couple only to the particles that carry charge under the
underlying symmetry transformation.

The particle content of the SM is summarised in [Table 1.1 Note that the
masses of the particles are based on experimental measurements. No fundamental
reason for the observed hierarchy of masses spanning several order of magnitudes
can be given within the SM. The same is true for the coupling strengths of the
fundamental interactions.

The fundamental matter particles consist of 12 fermions with half-integer spin.
These are further classified in quarks and leptons. The quarks are ordered in three
generations, each consisting of an up-type quark (u, ¢, t) with fractional electric
chargd?| of 2/3 and a down-type quark (d, s, b) with electric charge of —1/3. Also
the leptons are grouped in three generations, where each generation consists of
an electrically charged lepton (e~, =, 77) with negative unit charge and an

associated uncharged neutrino (v, v, v,). For each particle, an antiparticle with

2Electric charges are in units the proton’s charge e ~ 1.6 x 10719C [12].



1.1 The Standard Model of particle physics

all charges inverted exists.

The electroweak force is the combination of the electromagnetic and the weak
forces. Their unification can only be understood in the context of spontaneous
symmetry breaking [13H15], which is realised by the Higgs mechanism in the SM.
An additional scalar field, the Higgs field, whose ground state does not obey the
gauge symmetry of the SM, leads to a mixing of the three SU(2); gauge bosons
WL W2 W3 and the single U(1)y gauge boson BY into the two electrically charged
W+ and W, the neutral Z° and the photon (). While the W* and Z° become
massive mediators of the weak force, the photon remains the massless carrier of
the electromagnetic force. The large masses [12] of the W* (~ 80 GeV/c?) and Z°
(~ 91 GeV/c?) set a limit on the range of the weak interaction of ~ 107 m, while
there is no limit for the electromagnetic force.

Within the SM, flavour changing processes can only occur via the weak charged
current interactions mediated by the exchange of a W= of the form ¢ — W*¢/
(¢ = W=¢), where ¢ and ¢’ are up- and down-type quarks, respectively. The
transition probabilities are modified by a corresponding matrix element V,, (Vq’g,)
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [16[17]. The CKM matrix is a
complex and unitary 3 x 3 matrix and has four physical degrees of freedom, which
are three real angles and one phase. The SM does not provide any prediction for
the magnitude of these parameters. Based on experimental measurements [12], it
is convenient to write the CKM matrix in terms of the Wolfenstein parameters [1§]
A= 0.23, A= 0.83, p~ 0.16 and 7 = 0.35, reflecting its hierarchical nature |19]:

Ve Vus V 1—)%/2 A AN3(p —in)
Ve = | Vea Ves Vo | = -\ 1—X%/2 AN? +O(M).
Viae Vis Vi AN3(1 — p —in) AN? 1

The CKM matrix is almost diagonal and symmetric. The diagonal elements
(Viuds Ves, Vip) describe transitions within a generation and are of O(1), while tran-
sitions between two different generations are suppressed by powers of A. The
unitarity condition Y, V;;V;; = d;; imposes nine equations, six of them can be rep-
resented as triangles in the complex plane. Within the SM, the CKM matrix is the
dominant source of CP violation (CPV | where CP transformations are simulta-
neous charge conjugation (C') and parity (P) transformations. Charge conjugations
change the sign of all charges of a particle, while the parity transformation is the

flip of signs of all spatial coordinates of a system (¥ — —Z).

3 Another possible source of C'P violation may be present in the Lagrangian describing the
strong interactions through the 6gcp parameter [20] that is experimentally found to be
negligibly small (this fact is known as the strong C'P problem).
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The weak interactions only act on the left handed chiral components of the
fermions, while the electromagnetic interaction couples to left and right handed
particles with the same strength. Left handed neutrinos only interact weakly, while
right handed neutrinos do not exist in the SM. The weak interaction is the only
interaction that can cause C, P, T and CP violation[], making it a particularly
attractive field to study.

The strong force binds the quarks into composite objects and it is the reason
why no isolated “free” quarks can be observed. The interactions are mediated
via the exchange of eight massless bosons, the gluons. Similar to photons that
only couple to objects that carry electric charge, gluons only couple to objects
carrying colour charge, which are quarks and gluons by themselves. The fact that
gluons are also coloured results in gluon-gluon interactions. Because of the gluon
self-interactions, the coupling strength of the strong force (ay) increases at large
distances (or equivalently at small momentum transfer) leading to the confinement,
meaning that freely propagating quarks cannot exist. Quarks form bound states,
called hadrons, which are net-colourless. A colourless state can be reached in
different configurations. Either a quark-antiquark pair (meson) or a combination
of three quarks (baryon). Also more complicated objects consisting of four and five
quarks are possible and have been confirmed experimentally very recently [22-24].
On the other hand, at small distances (high energies), oy is decreasing and quarks
become asymptotically quasi-free at a length scale smaller than the extension of
hadrons < 1fm.

The mathematical framework describing the strong force is called quantum
chromodynamics (QCD). As long as a; is not too large, theoretical predictions
can be made with help of perturbation theory. One defines an energy scale Agcp,
above which perturbative methods can be applied, while for energies below Agcp
the coupling becomes too large and alternative, non-perturbative methods that
often do not give analytical solutions, such as lattice QCD, must be used. Since
the mass of the c-quark is only slightly above Agcp, in charm physics, QCD effects
lead to large uncertainties on theoretical predictions from perturbation theory. On

the other hand, the c-quark is too heavy to reliably use chiral perturbation theory.

4T transformations reverse the time direction (t — —t). While the individual symmetries C, P,
T and CP may be violated, the combined C PT symmetry must be conserved in any local
field theory with Lorentz invariance [21].
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1.2 The need for physics beyond the Standard
Model

A widely discussed open question in the SM is the hierarchy problem. Since, in
contrast to the leptons and gauge bosons of the SM, no symmetry protects the
mass of the Higgs boson, radiative corrections can lead to a very high mass. If
the theory is claimed to be valid up to the Planck scale (10" GeV/c?), where
all the fundamental interactions (including gravity) are expected to be unified,
corrections to the Higgs mass of the same order of magnitude would be expected.
The experimentally observed mass of the Higgs boson of 125 GeV/c? [12] can only
be explained if the parameters of the SM are fine tuned such that these corrections
are cancelled. One possibility to solve this fine tuning is to extend the SM gauge
symmetry and introduce additional particles. In supersymmetric (SUSY) models
(see for example Ref. [25]), a supersymmetric partner with opposite statistics is
postulated for each SM particle, i.e. an additional fermion for each boson and
vice versa. Alternative theories are represented by little Higgs models [26], where
the Higgs particle is a pseudo-Nambu-Goldstone boson of a spontaneously broken
higher global symmetry. It has also been suggested to enlarge the space-time
dimensionality as done for example in Randall-Sundrum models [27,28]. They
explain the weakness of gravity by the postulation of warped extra dimensions and
find more natural solutions to the hierarchy problem by lowering the Planck scale.
If the SM is tried to be embedded into a more fundamental grand unified theory
(GUT), often, a new particle species called leptoquarks [29,30] arises. Leptoquarks
carry both lepton and baryon numbers and can lead to transitions from quarks
to leptons and act as a unification of the fermions. Leptoquarks have recently
been of special interest, as they can explain hints for SM deviations in the flavour
sector, see e.g. Ref. [31].

From experimental observations such as the modification of galactic rotation
curves [32,33] or weak gravitational lensing [34], the fraction of the energy density
of the universe that can be described by the SM is estimated to be only 5%. The
remaining 27% and 68% are made of dark energy and dark matter, respectively.
Dark matter and dark energy are called dark, as no direct detection has been
successful so far, although gravitational influences at large distances are evident.
The existence of dark matter and dark energy are not described within the
SM and extensions of the SM, often referred to as new physics, must include
suitable candidates that are stable on cosmological time scales and participate in

gravitational interactions to explain experimental observations. As their coupling
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to the SM particles can only be very small, a popular class of dark matter
candidates are weakly interacting massive particles (WIMPS). For example, the
lightest stable particles in supersymmetric models are well motivated dark matter
candidates [35].

The observation of neutrino oscillations [36,[37] unambiguously indicates that
neutrinos are massive particles. While the oscillations can be described by in-
troducing a rotation matrix called Pontecorvo-Maki-Nakagawa—Sakata (PMNS)
matrix [38,39] which is similar to the CKM matrix of the quark sector, the origin
of the neutrino masses remains unclear. Heavy, right-handed sterile neutrinos that
do not participate in any SM interaction have been postulated and could also be
possible dark matter candidates [40].

Another striking puzzle is the observed very small density of antimatter com-
pared to that of matter, quantified byﬂ ns ~ 1071 |41]. As already pointed out
by Sakharov [42], besides the violation of baryon number and interactions out of
thermal equilibrium, the emergence of the observed baryon asymmetry requires
the presence of C'P and C' violation. However, the amount of C'PV as present in
the SM can only account for a tiny fraction [43-45] of the observed asymmetry
and new physics must carry additional sources thereof. These could in principle be
generated in the lepton sector as the PMNS matrix carries at least one additional
phase with respect to the SMP| however no experimental evidence exists to date.
Most models extending the SM imply new sources of C'PV', making their searches

a powerful tool to look for new physics.

1.3 Direct and indirect searches for new physics

To search for physics beyond the SM, two different approaches exist. In direct
searches, the interaction of new particles such as dark matter candidates with
ordinary baryonic matter or their direct production at the energy frontier of
particle colliders are searched for. For example, large volume detectors such as
XENONIT [46,47] are build far below the surface and try to detect the very rare
interaction of dark matter candidates with the nuclei of a target material such
as liquid xenon. At the Large Hadron Collider [48], ATLAS [49] and CMS [50]
are looking for signatures of the production of heavy stable new particles in high
energetic proton-proton collisions. The approch of direct searches at colliders has

been successful in the past and has lead to the observation of the Higgs boson

np—ng

®Defined as 1, = “2—"2 np(np) being the densitiy of baryons (antibaryons) and s the entropy
of the universe.
6 Another two additional phases are possible if neutrinos are Majorana particles.
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in 2012 [51,52]. However, the sensitivity of this method is strictly limited by the
available center-of-mass energy in the collisions.

A complementary approach which is followed by the LHCb collaboration is to
perform indirect searches, which are based on precision tests of processes involving
quantum loops. According to Heisenberg’s uncertainty principle, in quantum loops,
heavy and potentially yet unobserved particles can participate in the quantum
mechanical process even if the energy is not sufficient for a direct production. This
can either lead to processes which are forbidden in the SM or to the modifications
of existing SM processes via the interference with SM contributions.

An example for higher order transitions in the SM are decays involving flavour-
changing neutral currents (FCNC). In contrast to charged currents, weak neutral
currents of the form ¢ — Z% (¢ — Z°'), mediated by the exchange of a neutral
7%, can only lead to interactions of a quark or lepton pair of the the same
generation. No CKM factors enter and FCNC transitions between two generations
cannot happen at lowest order. Example of FCNC transitions at loop level are
processes of the form b — s¢™¢~, b — d¢*¢~ in B-decays, s — d¢*T¢~ in the kaon
sector and ¢ — uf*¢~ in the charm system, where ¢*¢~ is a pair of oppositely
charged leptons. Loop processes with at least two flavour changing weak interaction
vertices can lead to effective FCNC processes as schematically shown in
(left), where a ¢ — W d transition is followed by the reabsorption of the W+
of the form dW* — w. The lepton pair arising from a radiated Z°/ ensures
energy and momentum conservation. Higher order interactions of this kind are
often referred to as penguin contributions. Also possible are similar so-called boz
diagrams (right in [Figure 1.1)).

Assigning a flavour quantum number F' to mesons containing a heavy quark,
FCNC can lead to processes changing the flavour quantum number of one or
two units (AF =1 and AF = 2). AF =1 FCNCs describe rare decays such as
D® — utp~, BY — ptp~ or K — putpu~, which are heavily suppressed in the
SM. The experimental observation of the low branching fraction of K° — putpu~
decays is a famous example of how indirect searches can lead to the prediction of
new physics, as its suppression [53,54] led to the prediction of a new quark (the
charm quark) in 1970 [55] before its experimental confirmation in 1974 [56.57].

Instead, AF = 2 processes such as meson anti-meson transitions D° — DO,
BY — B BY — BY or K° — K may lead to periodical oscillations between a
neutral meson P° and its antiparticle P and vice versa, caused by flavour mizing.

The time evolution of the system can be described by the following effective
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l+
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Y

Figure 1.1: Example for generic FCNC ¢ — uf*/~ transitions, electroweak penguin
(left) and box-digagram (right).

Schrodinger equation [58]:

POt ‘ POt
2 (1P200) i (17000
ot \[P°(t)) 2 1\|P°(t))
where M and T' are 2 X 2 Hermitian matrices. The diagonal elements of M and
I' correspond to flavour conserving transitions, while the off-diagonal elements
are responsible for the mixing of the flavour states. The physical eigenstates of

the system are then two states P o which are superpositions of the flavour states

with the complex coefficients p and ¢, satisfying [p?| + |¢%| = 1:
|P12) = p|P°) £ q|P°).

The two eigenstates of the system |P; o) may have distinct decay widths and masses
I'1 2 and m; o, respectively. For convenience, one defines the two dimensionless

parameters x and y as:

N my1 — Mo . Fl — Fz
- 1—\ Y y - 2F Y
with the average decay width I' = (I'y — I'3)/2, such that the probabilities for

initially produced pure flavour state to oscillate or not as a function of time is

given by:

‘(Po(t)]PO(O» = [(P(t)|P°(0)) " e Tcosh(yT't) + cos(zT't)],

‘ 2

(P°(t)|P°(0)) ? x | e M [cosh(yI't) — cos(xI't)],

(P°(t)|P°(0)) e "[cosh(yI't) — cos(xT't)]. (1.1)

Mixing occurs if either x or y are non-zero. Periodical transitions of the two
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Figure 1.2: Possible contributions to charm mixing. Short-distance box diagram (left)
and schematic view of a long-distance contribution via an intermediate two
pion state (right) [59].

flavour states are driven by an oscillation term with frequency x, while y appears as
argument of a hyperbolic cosine term modifying the exponential decay law. While
in the neutral beauty systems oscillations are mainly driven by FCNC transitions

at short distances (left in [Figure 1.2)), these are heavily suppressed in charm
and so called long-distance contributions in form of rescattering of intermediate

meson states (such as a pair of pions shown in become dominant. The
dominance of non-perturbative processes make theoretical predictions of the mixing
parameters challenging, which can span over several orders of magnitudes [60-64].
For neutral kaons, |z| and |y| are both O(1) and experimental confirmation of koan
mixing was already found in 1956 [65]. Mixing in the B°-system, where |z| ~ O(1)
and |y| ~ O(1072) was observed in 1987 [66]. The very fast oscillations as measured
in 2006 [67] for neutral BY (|z| ~ 20, |y| ~ O(1072)) required the development of
detectors with very good decay time resolutions. In charm, both x and y are very
small. The current world averages are z = (0.357036)% and y = (0.67759%)% [68].
The smallness of the mixing parameters complicates experimental investigations
as huge data samples are needed. Charm mixing has only been observed in 2012
from a single experiment [69).

Studying processes involving quantum loops is also a way to measure C PV, as
it is a quantum mechanical effect that needs at least two interfering amplitudes
to produce a measurable asymmetry. This can be shown by comparing the decay
amplitude of a meson P to final state f defined as A; = (f|H|P) with its CP
conjugated process Af = (f|H|P). In the presence of C'P-odd phases that change
sign under C'P transformations, the phases of the amplitudes Ay and Aj are
rotated by 180°. The C'P-odd phases are usually referred to as weak phases,
because, as already explained, in the SM they only appear in weak transitions.
As all measurable quantities are proportional to the amplitude squared, such a
phase shift does not play any role as long as only a single amplitude contributes,
since |Ay|?* = |A7|2. In addition to C'P-odd phases, C'P-even phases that do not

change sign under CP transformations can occur from final state interactions or
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hadronisation of the quarks to hadrons, which are processes of the CP conserving
strong interaction (and therefore called strong phases). If at least two processes

interfere, the total amplitude must be written as their coherent sum:
Af = |A1|€i(51+¢1) + |A2|ei(§2+¢2), /If - |A1|ei(51—¢1) + |A2|€i(52—¢2)’

with weak and strong phases ¢1, ¢, and 41, 9o, respectively. Then it follows for the

asymmetry a&ir, [70]:

dir __ |‘/4f|2 B |AJ?’2

app = —————=— o rsin (0 — d7) sin — o),
P = 4B T | fsin (81 — d2) sin (¢1 — b2)

where 7 is the ratio of the magnitude of the involved amplitudes |Ay| and |A,].
Thus, acp can only be non-zero if at least two amplitudes with different weak and
strong phases contribute. This kind of C'PV is referred to as C'PV in the decay,
accessible to both neutral and charged mesons.

Also neutral meson mixing can lead to C PV if the probabilities P° — PY and
P% — PY are not equal, equivalent to |q/p| # 1 as can be seen from .
This type of CPV is called CPV in mizing, only relevant for decays of neutral
mesons and independent of the final state.

If the PY(PY) decays into a state f which is accessible to both flavour states, a
third type of C PV is possible, arising from the interference of mixing followed by
the decay and the direct decay. A non trivial phase between the decay amplitude

and mixing might occur. If one defines:

_ 1Ay

A
! p.Af

CPV in the interference of mizing and decay happens if Im(Ay) # 0. CPV effects
caused by mixing and the interference of mixing and decays are also collectively
referred to as indirect CPV.

The first observation of (indirect) CP violation was found in kaon decays already
in 1964 [|71]. In 1999, the first observation of direct C PV in kaon decays was
reported, followed by observations of indirect C PV in neutral B® decays [72,73]
in 2001. More recently, also direct CPV in neutral B [74,75](2004), charged
BT [76-78] (2010) as well as in B2-system [79] (2013) have been measured. In

charm, no significant sign of C'PV has been found so far.

10
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1.4 Rare charm decays in the Standard Model and
beyond

Among the flavoured hadron systems, the role of charm is special, as it is the only
bound system to test dynamics of the up-type quarks. A simple estimation of the
rate for FCNC ¢ — u transitions can be done with help of [Figure 1.1l The total
amplitude is the coherent sum of all possible contributions, i.e. processes where
down-type quarks are exchanged in the loop. Exploiting the unitarity condition,
this reads as [80]:

A(C — u) = ‘QZVudf(mi/mi) + ‘/;ZVUSf(mg/m%u) + czvubf(mg/mfu) (1'2)
= ViVl f(m3/m3,) — f(mg/m3,)]
+ ViVl f (my /m3,) — f(my/m3,)],

where f(m?/m?) are kinematical functions of the W= boson and quark masses
of the form f(m2/m?) ~ 1/(167%) - m?/m,. The term in the second line of [Equa
of is small due to the similar masses of the light d- and s-quarks, historically
known as the Glashow—Iliopoulos-Maiani (GIM) mechanism [55]. The term in the
third line is suppressed by the small CKM factor V; V.5 ~ A°. Even though the total
amplitude is enhanced by QCD effects [80], processes involving ¢ — w transitions
are expectionally rare. The SM branching fraction for inclusive B(D° — X, £T¢7)
decays, where X, is any final state containing a u-quark, is estimated to be
< O(107%) [81]. This is approximately three orders of magnitudes lower than
comparable processes in the b—quark system involving b — s¢™¢~ transitions,
where the contribution of the heavy t-quark dominates the intermediate loop.
Rare charm decays are therefore by far more suppressed than similar processes in
beauty (or kaon) decays.

To create C'PV, at least three generations need to be involved [82]. The charm
system is almost decoupled from the third generation [58], such that processes
involving weak phases are suppressed by 7 oc [V Vi | /| VeaVily| ~ A* ~ 0.002 with
respect to CKM favoured first order transitions. Naive estimations should not
allow for C'PV effects larger than this, even if the involved phases would be
sizeable.

To compare measurements with theoretical predictions, usually a model in-
dependent effective field theory [83| is defined based on the operator product
expansion (OPE). In this approach, an effective Lagrangian is constructed as sum

over all possible operators O; that may contribute to the decay and their coupling

11
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strengths C; (called Wilson coefficients [84]):
ﬁeff ~ ZOZ . Ol

The theory is constructed at a given high energy scale ji, such that all heavy
degrees of freedom (m > i) are integrated out and absorbed in the Wilson
coefficients while only light (m < 1) quark fields contribute to the operators and
are considered as massless. SM values for the Wilson coefficients are obtained by
comparing the effective theory and the SM at a mass scale where both theories
are valid (usually the mass of the W boson), and the renormalization group
equation (RGE) [85] is used to evaluate the Wilson coefficients at the relevant
energy scale (m, for charm physics). The full set of SM operators up to dimension

six describing AC' = 1 charm decays are the following [86H90]:

O ~ (a7, Tqr) (@, " T ) |
O ~ (i 7u00) [@7"e)
O3 ~ (uryucr) Y (@v"q),

{gmq<p}
Oy ~ (ury,Ty) Z (@y"T"q),
{gma<ii}

Os ~ (v, vace) Y. @"v"v%q),
{amqg<ii}

O ~ (uryvunyvaTcr) >, (@"y"°T%),

{amq<ii}
07 ~ mc(ﬂLO'HVCR)Fm,,
08 ~ M, (l_I,LO'MVTaCR) wa s
Og ~ (@ yuer)(E*0),

O1o ~ (apyucr) ((y*750)

where ¢ = d, s,b and " are the Dirac matrices. Furthermore, q; p = P r ¢ with
the chirality operator P, g = 1/2(1F~°), F),, is the electromagnetic field strength
tensor and T'* are the Gell-Mann matrices. The current-current operators O, and
O, are dominant in charm decays and the only non-vanishing operators at the
scale myy, since the unitarity of the CKM matrix leads to an exact cancellation of
loop processes as long as the light fields are massless. Especially the non-existence
of the semileptonic operator Oy (axial vector couplings) has crucial impact on

the phenomenology of charm decays and is unique among heavy quark systems.

12



1.4 Rare charm decays in the Standard Model and beyond

At the beauty scale, the heavy b-quark is integrated out and the operator Ogy
(vector couplings) receives contributions from O; and Os, as they can also lead
to ¢ — ul* ¢~ final states if the light quarks are contracted to a loop and couple
via a virtual photon to a dilepton pair, while no mixing into Oy occurs and axial
vector couplings remain suppressed at all scales.

The effective weak Langrangian at the charm scale reads as:

10
LU~ 3V (ca (me) O + Cy(m) O + 3 ci<mc>ol-) .
q€d,s i=3

The QCD penguin operators O3 — Og are also heavily suppressed and do not play
any significant role.

Contributions from new physics can modify loop induced processes by signif-
icantly enhancing the couplings of semiliptonic operators Oy and O;g or even
contribute to scalar or tensor operators which are not existing in the SM. All new
physics models mentioned in (SUSY [9195], leptoquarks [96(99), little
Higgs |100H103], Randall-Sundrum [104}/105]) may modify ¢ — uf*¢~ processes
by loop contributions or even lead to first order ¢ — uf*¢~ transitions. Also
implications of models with generic Z’ [95,99], two Higgs doublet [106,|107] and
an additional up-vector like quark singlet [94,|102] are discussed in literature.
Experimentally, this can lead to enhanced rates, modified angular distributions
and additional sources of C'PV. Although similar arguments hold for dielectron
and dimuon modes, the following discussion will be focused on the muonic decays
as most experimental effort has been put into their investigation so far.

Theoretically and experimentally, the cleanest rare charm decay is the two-
body decay D° — p*p~ with a purely leptonic final state, as theoretical hadronic
uncertainties are minimal and the experimental detection is rather simple. However,
due to the additional helicity suppression, the SM branching fraction of this decay
is expected to be O(10713) [91/92,96,97,108,{109], but in some new physics scenario
can reach today’s experimental limit of 6.2 - 107 at a 90% confidence level [110].

In rare multibody decays of the form D+ — n+ (7 )utp~ (h = K, 7),
the helicity suppression is weakend, but non-perturbative hadronic contri-
butions become dominant due to intermediate resonant states of the form
D%t — Rt (h™)V (= ptu™). These long-distance (LD) processes can enhance the
total branching fraction up to O(107°) [95,96.111]. Sensitivity to the short-distance
(SD) FCNC processes can be gained by investigating the branching fractions as
a function of dimuon mass, since the FCNC processes lead to a non-resonant
production of the dimuon system, while the dimuon-mass dependence of the

resonances can be approximated by Breit-Wigner distributions, characterised by
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1 Charm physics in the Standard Model and beyond

model Acp Arg
Leptoquark models > A <8-1071
Little Higgs model <0(1073) <O(B-1073)
Minimal SUSY SM <0103  <O(10)

Up vector-like quark singlet - <1073
Warped extra dimensions < O(1072) < O(5-1072%)
SM < O(1073) ~0

Table 1.2: CP asymmetry Acp and forward-backward asymmetry App within new
physics models. The table is modified from [113] and is a summary of the
results presented in [91-93}95H102,/104,/105,|107},109, 111}{114].

its width and mass. Often, new physics models predict enhancements of the SD
physics, but in general their contributions should not be larger than < O(107%).
As the long tails of the resonances populate the entire dimuon-mass spectra, only
large beyond SM effects can be seen in extreme regions of dimuon mass and the
prospects to discover new physics effects in measuring the branching fraction are
somewhat limited. In this respect, three-body decays are favoured due to their
larger decay phase space compared to four-body decays.

In addition to the branching fraction, multibody decays allow the study of the
dimuon-mass spectrum and angular distributions, such that additional experimen-
tal observables can be constructed where the influence of hadronic uncertainties is
small and sensitivity to the SD physics is gained. Theoretically and experimentally
clean observables are asymmetries, as they are defined as differences and ratios and
many uncertainties cancel. As weak phases and axial vector currents are practically
absent, observables sensitive to their presence such as the forward-backward (FB)
asymmetry in the dimuon system and C'P asymmetries are SM null test. As
summarised in [Table 1.2 contributions from physics beyond the SM can enhance
the FB and C'P asymmetry up to the percent level in rare charm mulitbody decays.
As the asymmetries are driven by the interference of SM and beyond SM dynamics,
they are enhanced in the vicinity of resonances. This effect is known as resonances
catalysed asymmetries [96,[112] in literature. As an example, shows the
possible C'P violating effects in Dt — 7t~ decays around the ¢ resonance
in dimuon mass in a model with scalar leptoquarks. Different relative strong
phase differences of the resonances and new physics contributions are assumed,
which might lead to symmetric or antisymmetric asymmetries with respect to the
resonance peak.

Experimentally, the LHCD collaboration has set an upper limit of 7.3(41.0) -

1078 at 90% confidence level. [115] on the branching fraction of non-resonant
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Figure 1.3: Direct CP asymmetry in a scalar leptoquark model in the ¢ region
of dimuon mass, shown exemplarily for Dt — 7Fputu~ decays [96].
Different strong phase differences of the involved contributions (04 =
O[yellow], v /2[green], w[blue], 3/27[red]) are assumed.

D*(Df) — m"u*p~ decays in dimuon-mass regions where the influence of the
resonances is minimal. No measurement of angular asymmetries exists. Four-body
decays of the form D® — h*h~pu* 1~ have received the least experimental attention
due to their further suppression. In 2001, the E791 collaboration [116] has set
upper limits on the branching fractions of D° — h*h")~ it~ decays in the order
of O(107?) [117]. A single search for D® — 77~ pu* ™ exists at LHCb, which sets
an upper limit on the branching fraction in the non-resonant region (extrapolated
to the full dimuon-mass region) of 5.5-107® at 90% confidence level [118]. With the
first observation and measurement of the branching fraction of Cabbibo-favoured
D — K mt|u"p 0., decays, where the muons are consistent with coming
from an intermediate p°/w resonance made by LHCb [119] in 2015, consistent
with theoretical predictions [95], the possibility to measure a significant signal in
D® — h™h~pt = decays for the first time has opened at LHCb. In the system of
b-flavoured hadrons, corresponding decays involving b — s¢* ¢~ transitions have
triggered many theoretical discussions, as consistent hints of physics beyond the

SM emerge, see for example Ref. [31] for a detailed discussion.

1.5 Rare D" — h"h u*"u~ decays

This thesis focusses on the study of rare charm four-body decays of the form
D® — hth™ptp~. With respect to three body decays, a variety of further angular
observables is accessible. However, the decay phase space is more complicated and
the resonant structure is more challenging as also the dihadron pair may arise

from intermediate resonances. The total branching fraction of these decays has
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Figure 1.4: Standard Model predictions for the differential branching fractions as a func-
tion of the dimuon mass for DY — 7+ 7=~ (left) and D° — K+t K~ ptpu~
(right) (modified from [95]). The long tails over the intermediate resonances
populate the entire dimuon-mass range.

been estimated [95] to be

B(D° — 7t aputp)the ~ 1.3 - 107,
B(D* — K"K ptp )" ~1.1-1077

and therefore below the sensitivity of any previous experiment. The two pions
in D° — 77—t~ are expected to come mainly from intermediate p° and w
mesons, where the contribution of the p° is dominant due to the small coupling
of the w to pions. In dimuon mass, the decays are dominated by intermediate
vector particles p°, w and ¢. Contributions from pseudo scalar 7"} resonances
are sub leading [120]. The expected differential branching fraction as a function
of the squared dimuon mass m?(u*p~) is shown in (left). The non-
resonant contribution is estimated to be 1071 — 1079 [95]/120]. Mainly at low
dimuon masses, the branching fraction is slightly enhanced by contributions from
bremsstrahlung (~ 5.6 - 1079 [95]), where a photon is radiated from the weak
interaction vertex which converts into a dimuon pair. A region in dimuon mass
with minimal influence of the resonances is identified above the ¢ resonance.
The decay phase space of D° — K+*K~u*u~ decays is substantially smaller.
These decays mainly proceed via an intermediate ¢ meson which subsequently
decays into two kaons. In the dimuon-mass spectrum, contributions from interme-
diate p° and w resonances are dominant. No higher dimuon-mass resonances are
kinematically allowed. The contribution of bremsstrahlung is ~ 5.6 - 1072, while
the non-resonant contribution is estimated to be as low as O(1071%) [95,120]. In
Figure 1.4] (right), the projection of the differential branching fraction in dimuon
mass is shown. Two example Feynman graphs of LD contributions (via an inter-

mediate neutral vector meson) and SD (via an electromagnetic penguin) to the
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Figure 1.5: A long-distance contribution via the decay of an intermediate light meson
(such as w, p¥; ¢) (left) and a higher order electroweak penguin as example for
a short-distance contribution to D® — h*h~pu*p~ decays (right) (modified
from [1]).

decay processes are shown in [Figure 1.5|

To fully describe a four-body decay, five independent variables are needed.
Following Ref. [95,[120], the three angles cos 6, cos 0, ¢ and two invariant masses
of the dimuon and dihadron systems, m?(u*u~) and m?(hth™), are used to
parametrise the decay topology. The angle ¢ is the angle between the two decay
planes of the dimuon and dihadron system (see [Figure 1.6)), while cos 6, (cos 0),)
is the cosine of the angle between the momentum of the positive muon (hadron)
in the rest frame of the dimuon (dihadron) system with respect to the dimuon
(dihadron) flight direction as seen from the rest frame of the D°. For D, the
angles are defined with respect to the negative muon and hadronﬂ The total
decay rate can then be expressed as follows and factorises in angular terms ¢;_g
depending on kinematical variables (cos#,, ¢) and the angular coefficients I;_g

depending on the dynamical variables (m?(u"u™), m*(h™h™), cos6y) [120]:

BT =[S (b, )2 ), () cos )

dm?(utp”)dm*(hTh™)d cos Od cos 0,de
with:

cp =1, ¢y =cos20,, 03:sin29u(3052¢, ¢4 = sin 20, cos ¢, c5 =sinf, cos ¢,

cg = cosl,, c; =sinf,sing, cg =sin20,sing, cy = sin? 0, sin2¢.

"In particular, this means that the sign of cos6,, and cos 6, swaps when transforming from a
D° to D° meson (and vice versa).
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Figure 1.6: The vector €; (i = u,h) is the unit vector along the momentum of the
dihadron or the dimuon system in the rest frame of the DY meson. The
vector 7i;; = €;; X €;— is defined as the unit vector perpendicular to the decay
plane spanned by the two hadrons (or the two muons). Accordingly, €;-
is the unit vector along the momentum of the negatively charged hadron
(muon) in the dihadron (dimuon) rest frame. With these vectors one defines
cos O; = €j; - €;+ and sin 2¢ = 2(7ipp, - M) (Thn X ) - €nn 2]

Although being most desirable, a full angular analysis requires a large signal
statistics and is therefore beyond the scope of this thesis. However, individual
angular coefficients can already be determined with a limited amount of signal
decays, integrating over the other four dimensions. The coefficient I5 requires
contributions of axial vectors, scalar or tensor couplings to be non-zero, while I
needs the presence of weak phases. They can therefore be used to construct SM
null tests by defining the forward-backward (App) and triple product asymmetry
(Asp) as follows:

11 dr 0
App = = l ———dcos 0, /
0

dcost, ~1dcosf,
I'(cos B, > 0) —I'(cosf, <0)
I'(cosd, > 0) + I'(cosb, <0)’

gy — 1{ l/owh dl’ dé + /3/27r dr _/7; = dé — //27r ]

I'(sin2¢ > 0) — I'(sin 2¢ <0)
['(sin2¢ > 0) +I'(sin2¢ < 0)°

d cos 94

To illustrate the effect of beyond SM physics, shows App in new physics
scenarios assuming generic (and experimentally not yet excluded) additional real
and imaginary contributions to the Wilson coefficients (C'g(,/) = C'ﬁ)) = 0.5, 0.5i).
See also which refers to specific new physics models. As already seen,

8The primed Wilson operators are obtained by inverting the chirality of the operators.
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Figure 1.7: The angular observable (Ig) = App/2 for D° — wfa—putp~ de-
cays as a function ¢> which is the dimuon mass squared. Several
generic new physics contributions (Cy = —C19 = 0.5[blue], 0.5i[yellow] and

Cy = —C}o = 0.5[green], 0.5i[red]), which have not yet been excluded ex-
perimentally are shown. A relative strong phase between the p' and w of

00 — 0, = m is assumed [120].

especially in the proximity of resonances, values for Appg of the percent level are
possible and not yet excluded by experimental constraints.

Ags can also be understood as triple-product asymmetry of the final state
particles’ momenta (see caption of . Triple-product asymmetries have
been widely used in searches for C'P violation in multibody kaon [121}122],
beauty [123,]124] and charm [125-128| decays. The advantage with respect to a
measurement of direct C' PV is that no flavour tagging and no large strong phase
differences are needed, as Ay o sin(A¢) cos(Ad), while a., x sin(A¢)sin(Ad)
requires the presence of large strong phase differences to create significant signal.
As in general no information about the strong phases is available, a measurement
of both observables is beneﬁcialﬂ Assuming new physics contributions in form of
Cy and Cp to be O(1) and generic weak phases A¢ ~ /4, Ref. [95] finds values
for Ay, of 8%(6%) for D° — atr~putp~ (D° — KTK~utp™), which is within
the expected sensitivity of the measurement presented in this thesis.

In addition to the angular asymmetries, the time integrated C'P asymmetry is

measured:

(D — f) —T(D" = f)
(DY — f)+T(D° — f)

Acp(f) =

As neutral D? mesons are subject to mixing, the measured C'P asymmetry contains

contributions from direct and indirect C'PV', which can in general be separated in a

9The phase differences do not need to be necessarily the same depending on which amplitudes
interfere and the position in phase space.
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time-dependent measurement. Assuming |z|, |y < 1, the following approximation
can be made [129]:

ir in to_ T
Acp(f) = alp(f) + afp - s YTooe(t)dt
=alp(f) + alp -
Tpo

with €(t) being the decay-time acceptance of the experiment. Depending on the
experimental environment, Acp has a different sensitivity to direct and indirect
CPV (at LHCb (t) = 27po [130]).

The first part of this thesis describes the first observation and the measurement
of the differential branching fraction of D° — h*h~p*p~ decays. As explained,
the prospects to discover new physics in the branching fractions of multibody
decays is limited. In contrast to previous analyses in the field, the measurement
will not be limited to the non-resonant region in dimuon mass, but the branching
fraction will be measured as a function thereof. Limited sensitivity to the SD
is still given in the dimuon-mass regions away from the resonances (where no
significant signal is expected). The second part of the thesis focusses on studying
asymmetries Acp, App and Ay, in these decays, where the vicinity of resonances
is beneficial for new physics searches and helps to optimally exploit the available
statistics.

The two presented analyses are based on independent publications and have
been performed consecutively. This is also the reason why the branching fraction
measurement is based on data recorded in 2012 and therefore only a subset
of the nowadays available statistics. The measurement of asymmetries includes
additionally data recorded during the years 2011, 2015 and 2016, leading to a
gain in statistics of approximately a factor two. As the two analyses deal with
the same final state, many analysis techniques such as reconstruction and parts
of the selection, as well as the strategy to fit the data samples are in common.
In the following, the description of the two analyses is done in a parallel way as
long as their similarities outweigh the differences, before the specific details of the

analyses are reported in dedicated chapters.
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Starting from a short description of the accelerator complex, this chapter discusses
the LHCb experiment and those detector components that are relevant for the
analysis presented in this thesis. The used data and simulated samples are briefly

introduced at the end.

2.1 The Large Hadron Collider at CERN

Since its founding in 1952, the FEuropean Organisation for Nuclear Research
(CERN), situated close to Geneva, Switzerland, has been a huge international
association of scientists, trying to understand the fundamental structure of matter.
Many particle accelerators had been built with increasing energies to probe
increasingly smaller structures.

With a circumference of 27 km, the Large Hadron Collider (LHC) [48] is the most
powerful accelerator that has been built so far. The LHC consists of two circular
storage rings where protons or heavy ions are accelerated in opposite directions to
energies up to 7GeV. The LHC is only the end of a complex accelerator system
that successively increases the energy of the beams to 450 GeVI] before they are
injected to the LHC rings. The beams are kept on a circular trajectory with the
help of strong super-conductive dipole magnets and brought to collision at four
interacting points, where large detectors are built to investigate the collisions at
rates up to 40 MHz.

In its main operation mode, the LHC collides proton-proton (pp) beams. In 2010
and 2011, the maximum energy per proton beam was set to 3.5 TeV and it was
slightly increased in 2012 to 4 TeV. The run period between 2010-2012 is referred
to as Run 1, which was followed by a long shut down period (LS1) of two years in
which modifications of the dipoles have been performed with the goal to increase

the center-of-mass energy of the LHC. Since the beginning of Run 2, which refers

In its main proton-proton operation mode
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to the second period of data taking during 2015-2018, a center-of-mass energy of
13 TeV has been reached. Data taking will continue until the end of 2018, before
another shut down period will be used to prepare the LHC and detectors to run at
higher luminosities and reach the maximum design energy of the LHC of 14 TeV.

Besides its main operation mode, also proton-lead and lead-lead collisions have
been successfully realized with the LHC under a variety of specific operating

conditions.

2.2 The LHCb experiment

Among the four large detectors at the LHC, the Large Hadron Collider beauty
(LHCb) detector [131}/132] has a special role. It is the only one designed to study
decay properties of heavy hadrons containing c— or b—quarks. As heavy quarks
are mainly produced as qq pairs in the forward region at the LHC, the LHCb
detector is built as a forward spectrometer. Especially in the forward region, heavy
hadrons are largely boosted and fly a measurable distance before they decay.
A large dipole magnet is used to deflect charged particle trajectories to allow
for momentum measurements. The main requirements to accurately investigate
decays of heavy flavoured hadrons are the capability to precisely measure the
position of the primary pp interaction point and the decay vertex of unstable
heavy particles; excellent resolution on the momenta of the final state particles;
the ability to identify the species of the particles by means of particle identification.
The technical implementations to meet these requirements are briefly discussed in
this chapter. The angular coverage of the LHCb detector is 10 to 300 (250) mrad
in the bending (non-bending) plane of the magnet. In an overview of
the LHCb spectrometer with its various sub-detectors is shown. A right-handed
cartesian coordinate system is used with the z-axis pointing towards the beam
line, while the y-axis is pointing vertically upwards. From this, one defines the
azimuthal and spherical angles ¢ and 6, respectively, as well as the pseudo-rapidity
n=—Intanf/2.

The physics core program of the LHCb experiment is to precisely measure
decay properties of b— and c—flavoured hadrons, in particular matter-antimatter
asymmetries and transition rates of very rare decays. Beyond that, LHCb has
started to extent and broaden its physics program. For instance, LHCb performed
a measurement of the production of electroweak gauge bosons in the forward
region [133-135], the study of newly discovered exotic particles [23]24], the
production of heavy quarkonia in proton-lead collisions [1361140] and recently even

operated in fixed target proton-argon and proton-helium configurations [141}/142].
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Figure 2.1: The LHCb detector (modified from \| and its various sub-systems. Details
on each component can be found in the text.

As the word’s largest samples of charm and beauty decays have been collected,
the LHCb collaboration has made significant contributions to the field of flavour
physics and holds many records such as the first significant measurement of the

rarest B-meson decay in a single experiment [143].

Vertexing and tracking

Vertexing refers to the reconstruction of the primary interaction points and the
reconstruction of secondary decay vertices of the particles, while tracking is the
measurement of charged particle trajectories (a.k.a. tracks). The tracking system
consists of the VErtez LOcator (VELO) [144}[145], two tracking stations in front
of (upstream) the magnet [146], and three tracking stations behind (downstream)
it. The magnetic field is oriented along the y-axis, such that charged particles are
deflected in positive or negative x direction, depending on their charge. To cancel
detector induced left-right asymmetries, the polarity of the magnet is periodically
switched.

With a radial distance of ~ 7mm, the VELO is the detector component closest
to the beam at the LHC. Inside the VELO, the LHC beam pipe has been removed
and only a thin aluminum wall separates the detector from the ultra-high vacuum
of the LHC. The VELO consists of 21 stations, each made of two semi-circular
shaped halves. The halves are movable and reach their position closest to the
interaction point only when the beam is in stable conditions to protect the sensible

electronics. Each half is equipped with two different types of silicon strip detectors
(on opposite sides) as shown in [Figure 2.2| One of these types measures radial
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Figure 2.2: Schematic view of the arrangement of the semi circled detector halves of the
Velo (modified from [131]) in the x — 2z plane at a cross section at y = 0 (left)
and a sketch of the equipment of the sensors in the modules (right) [145].

distances (r-sensors), while the other measures the azimuthal angles (¢-sensors).
Charged particles passing through semi-conductive silicon create electron-hole
pairs, which travel to the electrodes and cause a measurable pulse. The strip pitch
is not constant but varies between 38 and 102 pm, while the spacing decreases
in the region closest to the beam. Information in z-direction is obtained from
the position of the sensors along the beam line. Four additional r-sensors are
positioned in negative z-direction which are used to veto events with a very
high number of produced tracks already at trigger level. The performance of the
VELO is depending on the number of reconstructed tracks and their momenta,
but for a vertex with 25 reconstructed tracks, it is able to reconstruct the point
of the primary pp interaction, the primary vertex (PV), with a resolution of
approximately 13(70) wm in the transverse plane (along the z-axis). The minimal
distance of a charged track with respect to the PV, referred to as impact parameter
(IP), a powerful variable to select tracks of particles coming from a secondary
decay vertex (SV), can be reconstructed with a resolution of 35 mm for tracks
with momentum larger than 1 GeV/c. The angular acceptance is given by the solid
angle in which at least three sensors are hit (1.6 < |n| < 4.9).

The Tracker Turicensis (TT) consists of four layers of silicon micro strip
detectors ordered in two stations (TTa and TTbh) and placed directly in front
of the magnet, about 2.5 m downstream of the interaction region. As shown in
Figure 2.3| (left), the strips of the outer layers are aligned with the y-axis, while
the inner layers are rotated by an angle of +5° to infer also information on the
y-dimension. The strip pitch of 183 um leads to a spatial resolution in = of ~ 50 um.
With a height of 130 cm and a width of 160 cm, the full angular acceptance of the
VELO is covered. The TT can be used to measure tracks of very low momentum
particles (~ 2 GeV/c) which are bent out of the detector by the magnetic field, or
tracks of unstable particles that decay outside the VELO (such as K2, A°).
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Figure 2.3: Schematic view of the four layers of the TT (left) [131](left) and the OT
detector (right) [147]. Also shown is the arrangement of the drift tubes inside
the OT (top tight) [131].

The three main tracking stations T1-T3 are installed directly after the magnet
at z = 9m. Each individual station is made of four layers, where each layer
is a hybrid detector made of two distinct technologies. The innermost area of
120 x 40 cm, subject to the highest particle flux, is covered with the Inner Tracker
(IT) [148], which is also a silicon micro strip detector. As the technology is similar
to the TT, the same spatial resolution of 50 um is reached in the z-dimension.
The outer region is covered by the Outer Tracker (OT) [147,[149,[150], which is a
gaseous detector constituted of thin drift tubes with a diameter of 4.9 mm operated
as proportional counters. Two layers of drift tubes with a relative displacement
as shown in (right) form one tracking layer. The tubes are mainly
oriented in y-direction, however, the inner two layers per stations are arranged as
stereo layers rotated by relative angles of £5°. When charged particles are passing
through the OT, they ionize the gas within the tube and the resulting electrons
drift to the anode where they cause a measurable signal. The spatial resolution
can be improved by additionally measuring the drift time of the created electrons
with respect to the beam crossing signal. The gas mixture is chosen such that the
drift time is reasonably fast (< 50ns) to cope with the high bunch crossing rate
of the LHC. A spatial resolution of 200 um has been measured, which is worse
compared to the IT, however, a substantially larger area of approximately 6 x 5m?
is covered.

Hits from all tracking sub-detectors are combined to form tracks using several
algorithms. Most relevant are long tracks which are based on hits in the VELO and
T-stations (and optionally in the TT). Traversing the whole tracking system, these
tracks have the best relative momentum resolution of 0.4% at low momentum
and 0.6% at 100 GeV/c. For long-lived particles which decay outside the VELO,
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Figure 2.4: Projection of the reconstructed tracks in the tracking system of the LHCb
detector in a pp collision event in the z — z and = — y planes |132].

hits from the TT and the T-stations are combined to downstream tracks which
suffer from a significantly worse resolution. A more detailed description of tracking
algorithms can be found for example in Ref. [131}/151]. The projections in the z —y
and z — z planes of the reconstructed tracks for an exemplary pp collision event at
LHCD is shown in [Figure 2.4l As the influence of the magnetic field is very small
at the position of the tracking detectors, the tracks appear mostly as straight
lines and get distracted mainly in the region where the magnet sits (z = 3 — 8m).
The average number of reconstructed tracks depends on the run conditions, but is
in the order of ~ 100 tracks per event, while on average approximately ~ 1 — 3
PVs are reconstructed per proton bunch crossing. Reconstruction artefacts may
lead to ghost tracks if unrelated hits are combined; or clones if two tracks share
more than 70% of their hits. Information from the tracking system is combined to
compute a per-track ghost probability (TrackGhostProb), which is available in
the offline analysis, together with the track fit x* per degrees of freedom (x?/dof),

allowing for the selection of good-quality tracks.

Particle identification

Identifying the particle species is a crucial ingredient for flavour physics, where the
quark content of the final state particles is needed to study the underlying inter-
actions. For rare leptonic decays, a suppression of kinematically and topologically
very similar hadronic decays is needed to select the signal decays.

At LHCD, information of several detector components is used for particle
identification (PID). Two Ring-Imaging-CHerenkov detectors (RICH1 and RICH2)
[152,/153] are used for PID of charged particles. They feature a similar setup,

consisting of a suitable radiator material, a mirror system and a photo sensitive
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Figure 2.5: Schematic view of the RICH1 detector (left) |131] and the measured
Cherenkov 6, angle as function of the particle momenta (right) [152].

detector component. As example, RICHI is sketched in |[Figure 2.5, which is placed
between the VELO and TT (z = 1.5m), while RICH2 is situated at z = 11m
(behind T3). If a charged particle exceeds the speed of light in the radiator,
Cherenkov light is emitted in form of a cone, where the opening angle 6, is purely
a function of the particle’s velocity: 6. = 1/(nf3), with n the refraction index of the
radiator and 8 = v/c the velocity in units of the speed of light. The emitted light
cone is then guided by the mirror system to the photo detectors which are placed
outside the acceptance of the detector. If the momentum of a particle is known
from an independent measurement, the mass can be inferred form the measured
angle 6. In the Cherenkov angle as a function of the momentum
is shown, where different particle species appear as shifted bands. To cover a
large momentum range, two RICH detectors with different radiators are used.
RICH1 uses aerogel and CyFy and can be used for particles in the momentum
range 2 — 60 GeV/c, while RICH2 uses C'Fy and covers the momentum range
50 — 150 GeV/e.

A dedicated muon system [154}/155] consisting of five stations (M1-M5) is used
for PID of muons and is shown in (left). At typical energies of the
LHC, muons act as minimum ionizing particles and are the only particle species
that travels through the whole detector. The muon stations are therefore mainly
placed furthest away from the interaction point (z > 15m), where the majority
of particles has already been stopped by interactions with the detector material.
The muon stations are mainly made of multi-wire proportional chambers, where
the traversing muons ionise gas in chambers, followed by an amplification and
collection of the produced electrons at anode wires. The gas is chosen such that

a very short drift time can be reached. Together with the fast readout and high
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Figure 2.6: Sketch of the muon system (left) [131] and the calorimeter system (right)
[156].

efficiency, the muon chambers play a crucial role in the trigger system of LHCDb.
Between the muon stations, 80 cm thick blocks of iron are added to stop high
energetic hadrons that might have reached the muon system. One chamber (M1) is
placed in front of the calorimeter system, whose details are given in the following
section, and has to cope with a much higher particle rate than the others four
stations. However, this layer is helpful in the extrapolation of trajectories from
the muon chambers back to the PV as it is done in the trigger.

The main task of the calorimetry system is to measure the particle’s energy. At
LHCDb, the calorimetry system , comprises four sub-systems as schemati-
cally shown in (right). The calorimeters are constructed as sampling
calorimeters, meaning that alternating layers of absorber and scintillation material
are arrayed in a row. The absorber material is used to induce electromagnetic or
hadronic showers, while scintillators detect the particles created in the shower. As
the number of produced shower particles is proportional to the primary particle’s
energy, sampling calorimeters can be used for an energy measurement with a
resolution of AE/E o 1/v/E. Two calorimeters are installed. The Electromagnetic
CALorimeter (ECAL) comprises alternating layers of lead (2 mm) and scintillating
tiles (4 mm). Its main purpose is to measure the energy of electrons and photons,
which predominantly loose their energy in electromagnetic showers. Furthermore,
it plays a crucial role in the reconstruction of neutral pions. Behind the ECAL, the
Hadronic CALorimeter (HCAL) is located with similar structure, but iron is used
as absorber material. The HCAL is used to measure the energy of hadrons, which

induce hadronic showers while passing through the iron plates. A Scintillating
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Pad Detector (SPD) and PreShower (PS) are located in front of the ECAL with
a layer of lead between them. As only charged particles produce scintillating light,
the SPD helps to separate electrons and photons, which do not produce a signal.
The PS helps to discriminate charged 7% and electrons, as the energy deposition
in the layer of lead will be different for hadrons and leptons. As the calorimeters
can be read out at the maximum LHC collision rate of 40 MHz, they are crucial
ingredients of the LHCD trigger system and used to select final states containing
high energetic hadrons, electrons or photons.

Particle identification algorithms [132,/159] combine the information from these
sub-detectors to provide optimal discrimination between the particle species. There
are two main sets of observables available. The so-called delta log-likelihood (DLL)
variables translate the information of the sub-detectors into a likelihood and
compute the change of the logarithm of the likelihood when assigning a certain
hypothesis to a particle with respect to the charged pion mass hypothesis. The
pion hypothesis is chosen as reference, as pions are the most abundant particles in
pp collisions. Based on recent developments in machine learning tools, the ANNPID
variables result from the output of an artificial neural network (ANN). Information
from all sub-detectors are used in the training and combined into a single response.
In the following, these variables are referred to as ProbNN variables, i.e. ProbNNk
to select kaons. The ProbNN variables also comprise ProbNNghost [160] to reject
ghost tracks, which is based on information from the tracking system only. As
muons are the only particles which are likely to reach the muon stations, an
additional simple algorithm to identify muons is used. If reconstructed tracks
in the tracking stations can be matched to hits in the muon stations, a binary
flag called isMuon [161] is set, which is already a powerful discriminant to select

muons.

Online and offline reconstruction and selection

Over the last years, LHCb has continuously improved the trigger strategy with
major changes during LS1. The following section explains the LHCb trigger system
and also explains the differences between Run 1 and Run 2, before the offline data

flow is briefly discussed.

Online reconstruction and selection

The trigger system [162H165] of the LHCb detector is made of three successively
executed steps. Each step iteratively decreases the output rate while the used

information from the sub-detectors is increased. This allows for more sophisticated
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Figure 2.7: Generic topology of a decay of a hadron MY~ containing a heavy quark
which furthers decays into two stable final state particles fi and fo. The
impact parameter (IP) refers to the IP of the f; with respect to the PV.

selection criteria in each step. While there are many different single trigger
classification algorithms realised and run in parallel, called lines in the following,
the general signatures for weakly decaying heavy mesons feature similar topologies
as schematically shown in [Figure 2.7, Due to their finite lifetime, heavy flavoured
beauty and charm mesons travel distances in the order of a centimeter in the
detector before they decay, leading to a well separated SV. An experimentally
easy, fast and widely used method to find displaced SV is to search for tracks
with large IP (see for an illustration). Tracks coming from a displaced
SV will show will show larger IPs compared to tracks that are produced in the
primary pp interaction.

The first trigger level, also called level-zero or L0, is based on dedicated hardware
that uses information from the calorimeter and muon systems, as they can be read
out at the full bunch crossing rate provided by the LHC. Signatures triggering
L0 can either be a large transverse component of the energy dispositions (E7)
in the calorimeters, or high p; signatures in the muon stations, where py is the
component of the momentum in the plane perpendicular to the beam axis. The
thresholds have been adjusted during operation, but typical values for the minimal
energy deposition of hadrons is Er > 3.5 GeV/c?, while for photons and electrons
the threshold has been typically a bit lower at Ep > 3.0 GeV/c?. The corresponding
trigger lines are called LOHadron, LOElectron and LOPhoton. For a single muon,
the transverse pr thresholds is set typically to be pr > 1.7 GeV/c, while for two
muons the product of their momenta is set to \/(p% - p2) > 1.6( GeV/c)?. These
two trigger lines are called LOMuon and LODiMuon. The output rate of L0 is limited
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to 1 MHz at which the whole detector can be read out. Typically, the hadronic
(450 kHz) and muonic (400 kHz) lines fill a large portion of the total rate, while
only 150 kHz are allocated to the electron and photon lines. Events passing L0
are sent to the second trigger stage, called high level-level trigger (HIt), which is
fully software based and by itself consists of two stages.

The first stage, called HIt1, performs a simplified tracking and vertexing algo-
rithm based on information of the VELO and the tracking stations. The main
selection concepts are to look for either VELO track segments with high (trans-
verse) momentum which are either significantly displaced from the PV or which
can be matched to hits in the muon stations. The aim is to reduce the rate to
80 kHz. Also in HIt1, the actual selection requirements have been adjusted during
the operation time to control the rate. During Run 1, the main Hlt1 trigger line for
purely hadronic final states, Hl1t1TrackA11LO, has selected single well displaced
tracks with typical IP of 1 mm with respect to any PV and transverse momenta
of pr > 1.6 — 1.7 GeV/c. Taking approximately 70% of the total allocated band-
width, this line dominated the total HIt1 rate by far. Another selection sequence,
called H1t1TrackMuon, tried to match the hits in the muon stations with a track
satisfying pr > 1GeV/e. The lower momentum threshold was possible due to
the lower rate, as Hlt1TrackMuon was only executed if LOMuon has returned a
positive decision for the event, while H1t1TrackA11LO ran independently of the
LO decision. During LS1, a revision of the HIt1 selections has been made. Instead
of rigid requirements on momenta and IP, simple selection based on multivariate
analysis (MVA) techniques searching for single (H1t1TrackMVA) and two-track
(H1t1TwoTrackMVA) combinations are implemented to increase the selection effi-
ciencies and replace H1t1TrackA11LO0. Also for muon candidates a new MVA line
has been additionally implemented, called H1t1TrackMuonMVA.

The second stage of the high level trigger, HIt2, is able to perform a full event
reconstruction based on information of all sub-detectors at the rate of 80 kHz. At
LHCDb, there are two main categories of HIt2 lines. Inclusive lines are selection
sequences looking for more generic topological properties of two-, three- and
four-body decays coming from displaced B-hadron decays. The selection is mainly
based on requirements on the IP of the tracks and sufficient displacement of a
secondary vertex with decent quality. Also, loose requirements on the individual
and combined momenta and masses are put. Ezclusive lines on the other hand
are designed to fully reconstruct and select a specific final state. Especially for
charm decays a lot of exclusive lines exist as the total production cross section
of charm mesons at the LHC is huge. To control the rate, an inclusive charm

line needs to impose very tight selection requirements. However, this would lead
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to insufficient efficiencies for rare processes such as the one investigated in this
thesis. This is the reason why a dedicated exclusive trigger line for the investigated
D° — hth~ptp~ decays is implemented.

Due to several improvements in the software and substantial increase in com-
puting resources, the HIt2 output rate could be increased from 3.5kHz in 2011
to 5kHz in 2012 and 12.5 kHz in 2015. Since the beginning of 2012, HIt1 has
been running asynchronously with the pp collisions to make optimal use of the
available resources. During data taking in 2012, 20% of the L0 output was tem-
porarily buffered to disc and could be processed by the HIt1 when the LHC was
not providing stable beam, what happened in approximately 70% of the time
in 2011. During LS1, the available computing resources were doubled and the
Hlt software architecture has been completely revised. Since then, Hlt1 and HIt2
have been separated and processed completely independent of each other. Instead
of deferring the L0 output, this upgrade allows to buffer the entire output of
Hlt1 and perform an online calibration and alignment of the detector before the
HIt2 is executed [166]. Together with additional processing time per event, the
new strategy has lead to an equal quality of the online and offline reconstruction,
while during Run 1, the quality of the reconstructed observables could not reach
the level of the offline reconstruction. All events passing HIt2 are sent to offline

storage.

Offline reconstruction and data flow

For the selected events two different data streams exist. In the first stream, which
is the only option for Run 1 data, all information from the sub-detectors is saved
and a separate offline reconstruction [167] has to be executed prior to offline data
analysis. In the offline reconstruction, measured hits of the tracking stations are
used to reconstruct tracks and information from the PID systems is added. In a
second step, standardised selection sequences [168] combine reconstructed tracks
to fit secondary vertices and construct combined objects such as D— or B-hadron
candidates. Based on geometric and kinematic variables, specific decay topologies
are searched for. As these two processes are very computing intensive, they are
run centrally and the analysts are provided with preselected data sets.

The second data stream (called turbo stream |169]) has became available with
the start of Run 2 and does not require any further offline reconstruction. As the
online and offline reconstruction qualities have been equalised, the trigger output
is directly made available for data analysis. While during Run 2 both data streams

are existing in parallel, the turbo stream is foreseen to be the standard procedure
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in the future. As only the relevant information of an event are saved, the event

size gets reduced by an order of magnitude.

Recorded data samples and simulation

The LHCb detector has collected pp collision data corresponding to 1fb~!(2fb™1)
of integrated luminosity in 2011(2012), leading to a total of 3fb™"! recorded during
Run 1. The combined data sets recorded in 2015 and 2016 correspond to another
2fb™!, while the target integrated luminosity of the total Run 2 sample at the
end of 2018 is estimated to be 9fb~'. Throughout this thesis, only data taken in
2015 and 2016 are referred to as Run 2 data, as the data taken in 2017 and 2018
were not available when the analyses of this thesis were performed.

For each year of data taking, simulated samples of the decay channels
D% — hthO~ptp~ are generated under the corresponding run conditions and
processed in exactly the same way as the data. Simulated events are generated with
PyTHiA [170,171] within the LHCb simulation software framework GAuss [172].
The decay of the generated particles is simulated using the EVTGEN [173] pack-
age, where an sum of non-interfering resonant and non-resonant contributions is
assumed . The interaction of the particles with the detector is simu-
lated with the GEANT4 package [174,175] and the digitalization of the detector
response and the trigger emulation are done using the BOOLE [176] and MOORE
packages [177] as implemented in the LHCb software. Simulated samples are
needed to estimate reconstruction and selection efficiencies and determine line
shapes of mass distributions when fitting the data, as detailed later in this thesis.
In total, more than 10° simulated candidates are available for each decay channel,

which is exceeding the data statistics by at least two orders of magnitude.
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Channel Component Fraction
DY — K rntutu~  K*(892)(— K 7T+)p0(—> ) 0.16
K*9(892)(— K~ n")w(— p + ) 0.16

K*9(892)(— K~ nt)utu~ 0.16

K-nt 0(770)( whuo) 0.16

K ntw(782)(— ptp™) 0.16

K-ntptu~ 0.16

D' S K Kt ¢(1020)(— K- K ) (770) (= pt i) 0.25
$(1020)(— KK+t p~ 0.25

K=KTp%(770)(— ptp™) 0.25

K‘Kﬂu o 0.25

DY = o ntutu=  pP(770)(— 7)) p (T70)(— pt ™) 0.125
(770)(—> 7 ) w(782)(— putu™) 0.125

(770)(—> 7w T)p(1020)(— pt ) 0.125

(770)(—> s w*)u W 0.125

7 p(770)(— ptp) 0.125

7r_7r+w(782)(—> php) 0.125

7t p(1020)(— pt ) 0.125

Tt ut T 0.125

Table 2.1: Simulated composition of the signal samples in terms of dimuon and dihadron
intermediate resonances (modified from [5]). For technical reasons, which will
be explained later in the thesis, also simulated samples of D — K~ ntputpu~
decays are needed. The following abbreviations will be used throughout this
thesis: p°(770) = p°, w(782) = w and ¢(1020) = ¢.
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Reconstruction and selection of
signal candidates

On average, less than a single signal decay is expected for every ten million produced
DP candidates. This chapter explains how the rare signal processes are searched

for in the pp collisions samples collected by the LHCbH detector.

3.1 Signal decay topology

Unless explicitly indicated, throughout this thesis, all selected D° candidates are
required to arise from the decay chain D**(2010)[] — D°(— h*h~p*p~ )", where
the D** meson is produced in the primary pp interaction. schematically
shows the resulting decay topology. Selecting neutral D° mesons from decays of
charged D** helps to greatly reduce background contaminations compared to
D mesons which are promptly produced in the primary interaction. As the D**
meson decays via the strong interaction into a D° meson and a charged pion, it
decays instantaneously in the PV. Since the flavour of the c-quark in the decay is
conserved, the charge of the pion unambiguously identifies (tags) the flavour of the
neutral D meson at the time of its production. Due to the small mass difference of
the D*T meson and the decay products, the pion has a much smaller momentum
than the D° meson (on average 5 GeV/c compared to 100 GeV/c) and is in the
following referred to as soft pion 7} to avoid confusion with pions coming from
the D° decay. The D° meson decay weakly with a lifetime of about 0.41ps [12], so
it flies a few millimetres in the laboratory frame before it decays into the pairs
of oppositely charged muons and hadrons. Such a flight distance is sufficient to
precisely resolve the position of the secondary D° decay vertex from that of the
PV.

Tn the following referred to as D**.
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DO decay
vertex

D+
primary
vertex

Figure 3.1: Schematic view of the decay topology in the y-z plane of D° — hth~ptpu~
decays. The relative scale is arbitrary and not realistic. The flight distance
(typically a few millimetres) of the D° meson is also indicated, as well as
the impact parameter of the h™ meson with respect to the primary vertex
(also typically in the order of millimetres).

3.2 Expected backgrounds

There are two main categories of background contributions that can mimic the
signal decays. Randomly associated tracks that accidentally pass the final selection
requirements and physical backgrounds, where either parts of the decay chain
are not reconstructed or particles are misidentified. Also a mixture of these two
categories is possible. Processes leading to a wrong flavour tag of the D° meson

are mainly relevant for the measurement of asymmetries, where the knowledge of

the DY favour is required (cf. [section 1.5]).

e Hadronic four-body decays: Purely hadronic four-body D decays of the form
D*t — D= hTh~wt7)rS, where the two final state muons are replaced
by a pair of oppositely charged pions, can mimic the signal if the two pions
are misidentified as muons. Although the misidentification probability is only
O(1077), these decays have branching fractions that are several orders of
magnitude larger than the signal decays (e.g., the ratio of D° — 7t 7 77~
to D° — mrr~putp~ is expected to be O(101) [121/95]).

o Combinatorial background: These candidates are entirely made of randomly
associated tracks. As the decay topology is imposing tight constraints on

the kinematics, their fraction is expected to be greatly suppressed, however
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Figure 3.2: Schematic view of the decay topology of secondary decays, where the D**
mesons arise from decays of intermediate b-flavoured hadrons.

cannot be reduced to a negligible level. As these decays feature different

kinematic properties, a statistical separation is also possible as explained in

Ehapter

e Random pion background: As pions are the most abundant particle species
produced by pp collisions, it can happen that a real D° candidate is combined
with a random low momentum pion to form a D** candidate that accidentally
falls within the considered mass range. When the accompanying soft pion
is used to tag the flavour of the D°, the flavour decision will be based on
a random decision if the D° meson and 7, are produced independently.
The fraction of random pion background can also be estimated statistically,
as these decays feature different kinematic properties as far as the D**

candidates are considered.

o Secondary D*t decays: D*' mesons not arising from the primary pp inter-
action, but from the decay of a secondary decay of a B-hadron, such as for
example the decay chain B® — D**1,~ v, are called secondary decays. As
secondary decays exhibit a different production mechanism, their presence
introduces additional systematic effects compared to promptly produced
D*T mesons as discussed in more detail later in this thesis. Due to the
relatively long lifetime of B-hadrons, the D** production vertex is likely
to be separated from the PV, as schematically shown in This

information helps to estimate the fraction of secondary decays.
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3 Reconstruction and selection of signal candidates

Figure 3.3: Schematic view of a ghost pion background candidate in the x-z plane. The
red stars indicate the hits in the tracking system used to reconstruct the
ghost pion (red dotted line). Hits in the downstream tracker caused by an
unrelated 7~ (green solid line) are accidentally combined with the VELO
track of the 7 (black solid line) from a signal decay. The charges of the
ghost and original signal pion are of opposite sign.

e Ghost pion background: Tracks of low momentum pions reconstructed
in the VELO can be associated with unrelated hits in the downstream
tracking stations and form a ghost slow pion as schematically shown in
Especially for particles with very low momentum, the magnitude
of the reconstructed momentum and masses might stay almost unchanged,
while the curvature of the trajectory, used to infer the charge of the pion,
might change sign and lead to a wrong flavour tag. This background can be
suppressed to a negligible level by tight requirements on the ghost probability
of the 7} track.

3.3 Building offline signal candidates

Following a standardised basic selection sequence, the offline reconstructed fi-
nal state particles are combined to build signal candidates for the decay chain
D** — D%(— hh~pTpu~)wf. Except for PID requirements on the hadrons, the
sequence is similar for DY — 7t7~pu*tpu~ and D° — KT K~ p*p~ candidates. The
selection is mainly aimed at removing obvious backgrounds and badly recon-
structed candidates. Furthermore, loose requirements on (transverse) momenta of

the final state tracks and combined objects are imposed to get rid of a large amount
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3.3 Building offline signal candidates

Particle Variable Requirement

Knmxu p > 3GeV/e
pr > 300MeV/c
Impact-parameter X2 > 3
Track x?/dof < 3
ProbNNghost < 0.5

K ProbNNk > 0.2

m ProbNNpi > 0.2

1 isMuon True
nSharedMuon 0

D° P > 3GeV/c
pr > 2GeV/c
m(DTF) > 1810 MeV/c?

< 1940 MeV/c?

Vertex x?2/dof < 20
Flight-distance x?2 > 30
Impact-parameter x> < 36
Cosine of the direction angle (a.k.a. DIRA) > 0.9998
Largest distance of closest approach of daughters (a.k.a. MAXDOCA) < 0.3mm
Impact-parameter x? of at least one of the daughters > 9

D* pr > 2GeV/e
Vertex x2/dof < 20
Distance of closest approach of daughters (a.k.a. DOCA) < 0.3mm
Am(DTF) > 144.5MeV/c?

< 146.5MeV/c?

T pr > 120 MeV/c
Track x2/dof < 3
Number of primary vertices > 1

Table 3.1: Preselection requirements for D° — 7#t7r~utu~™ and D° — KYK—putpu~
candidates (modified from [5]).

of combinatorial background, which on average tends to have lower momenta than
signals.

In a first step, only events with at least one reconstructed PV are consid-
ered. Then, four charged particles satisfying very loose criteria on track quality
(x?/dof < 3) and being inconsistent with coming from the PV (IPx? > 3) are
searched for to form a D° candidate, where the IPx? for a particle is defined as
the difference between the x? obtained when fitting the PV with and without
the considered particle. The IPY? measures whether a particle is consistent with
coming from the PV by using also information on the uncertainties in track
parameters and PV position. Candidate pions and kaons are required to satisfy
loose PID requirements based on the ANN PID variables (ProbNNpi > 0.2 and
ProbNNK > 0.2, respectively), while the PID requirements on the muons will be
chosen in a later optimisation process separately for both analyses. However, as a
basic criterion, a positive isMuon flag is required to be set for both muon tracks to
suppress a large portion of misidentified hadronic decays. As the L0 trigger decision

is mainly based on hits in the muon stations, only pairs of muons are selected
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3 Reconstruction and selection of signal candidates

that do not share any hits to ensure that the trigger efficiency can be factorised
into product of single-particle efficiencies. The actual requirements are listed in
[Table 3.1} The amount of artificial ghost tracks created by the reconstruction
software is reduced by selecting tracks satisfying criteria on the ghost probability
(ProbNNghost < 0.5).

If these four tracks pass all the requirements mentioned above and are consistent
with coming from a common SV defined by a maximal distance of closest approach
(DOCA) of all four tracks of smaller than 0.3 mm, a D° decay vertex is fitted and
has to satisfy vertex y?/dof< 20. The so-formed D° candidate has to fulfill further
requirements such as significant displacement from the PV (FDx? > 30). From
the flight distance (FD), defined as the length of the distance between the PV
and SV, a more sophisticated variable, the F'Dy?, relates the information of the
F'D to the uncertainties of the fits of the vertices, such that a small F'D is more
significant for well measured vertices than for those having large uncertainties. For
the combined D° candidate, the cosine of the direction angle (DIRA) is required
to be > 0.9998, which is defined as the angle between the momentum vector p
of the reconstructed intermediate particle with respect to the vector connecting
the primary and secondary vertices (ﬁ) For signal decays, the ﬁ and p have
to agree within resolution, i.e. the cosine of their enclosed angle will be close to
unity, while for background candidates this relation does not necessarily hold true.
Furthermore, as the signal D° comes from the PV, a requirement on IPy? < 36 is
chosen to suppress background from secondary decays, as well as a requirement
on the (transverse) momentum of (2)3 GeV/c to further suppress combinatorial
background.

In the next step, a low momentum pion with p > 120 MeV/c and sufficient
track quality (track x?/dof< 3 ) is combined with the D° candidate to form a
D** meson. As a consistency check, the DOCA of the D** daughter particles
are required to be less than 3 mm before the decay vertex of the D*t candidate
is fitted. Also, the vertex has to satisfy minimal requirements on the fit quality
(vertex x?/dof < 20) and the momentum of the D** candidates has to exceed
2GeV/e.

In the selection sequence described above, the candidates are built following
a bottom-up approach, meaning that first the stable final state particles are
combined into an intermediate D°, which then subsequentaly forms the parent
D**T meson together with the accompanying pion. If the full sequence is processed
successfully, the whole decay chain is refitted using a DecayTreeFitter (DTF),
which simultaneously fits the full decay chain using a Kalman filter [178] under

the constraint that the D° and 7 originate from the same point, the PV. This
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Figure 3.4: Distribution of Am for (left) D° — ztmu*p~ and (right) D° —
KTK~ptp~ candidates after the trigger and preselection requirements
(except for the Am requirement, and summing Run 1 and Run 2 data
together). The red vertical lines indicate the mass range that is considered
after the preselection. The bottom row shows the D° mass distributions for
(left) D* — 77~ ptp~ and (right) D° — KtK~p*p~ candidates after

the trigger and preselection [6].

constraint improves the momentum (and mass) resolution. Finally, two mass

windows are defined. The mass difference of the D** and the D mesons, Am, is

required to be in the range of 144.5 — 146.5 MeV/c?, corresponding to roughly 3o
of mass resolution around the peak maximum as visible in The D°
mass is limited to the range 1810 — 1940 MeV/c?. Masses of combined objects are

computed from the sum of the four momenta p* = (E, p,, py, p.) of the final state

particles, where the energy is computed from the particle’s measured momentum

under a given mass hypothesis, i.e. E = \/m% 4 + p? with mppg being the known
value of the assumed particle [12]. This means, no energy deposition measured
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3 Reconstruction and selection of signal candidates

in the calorimeter system but only the momentum components p,, p, and p,
as measured in the tracking system enter the computation. A summary of all
preselection cuts is given in

As explained in more detail in [chapter 2] at LHCb, all events that pass the three
trigger stages are saved to tape. However, not all recorded events are considered
in the following. A well defined restriction to certain trigger lines allows for
a precise determination of trigger efficiencies, as needed later to measure the
branching fraction. At L0, any of the two muons in the final state are required
to be consistent with the object that triggered LOMuon. This decision is based on
an offline algorithm, that tries to match the (offline) reconstructed particles with
the trigger objects that have been responsible for the positive decision. For the
measurement of the asymmetries, such a precise knowledge of the hardware trigger
efficiencies is not needed. In this case, also events which have been recorded due
to any positive L0 trigger decision independent of the final state particles of the
signal candidate are accepted.

At Hlt1, Run 1 candidate muons (DY daughter particles) must be matched
to the trigger objects responsible for a positive decision of H1t1TrackAl1Muon
(H1t1TrackA11L0), while the requirement for Run 2 candidates is a positive
matching of the muons (DY candidate) to objects that triggered H1t1TrackMuonMVA
(H1t1TrackMVA or Hlt1TwoTrackMVA).

Finally, only candidates consisitent with a positive decision of the exclusive
HIt2 line are considered. The HIt2 selection sequence is very similar to the offline
building of signal candidates with the difference that no online D** candidate is
reconstructed in the trigger. As the selection requirements on the offline candidates
are tighter than in the online trigger selection, no detailed description of the HIt2
selection sequence is given in this thesis, but can be found in Ref. [165].

The finally selected signal samples for D° — 77~ pu*p~ and D° — KK~ putpu~
candidates are shown in (combined Runl and Run 2 data). Clearly, a
small peak at the nominal DY of 1865 MeV/c? [12] mass is visible together with a
very large peaking structure shifted by ~ 20 MeV/c? towards lower masses due to
the hadronic D° — h™h~7" 7~ decays, where the two pions are misidentified as
muons. The shift in the D° mass distribution allows for a statistical separation of
this background component as explained later in this thesis. Furthermore, the level
of combinatorial background is still sizable. To further suppress the combinatorial
background, the following section defines a selection based on a multivariate
classifier. The misidentified hadronic decays will later be reduced by means of

tight requirements on particle identification on the muons.
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3.4 Suppression of combinatorial background

3.4 Suppression of combinatorial background

A further suppression of combinatorial background is achieved by means of a
multivariate analysis. For given signal and background proxies (a.k.a the training
samples), a multivariate classifier learns to find the multi-dimensional differences
between the two samples in a training phase and combines the information into a
single variable, the classifier output, which is then used in a following classification
phase to distinguish signal and background in a sample of unknown composition.

In this thesis, a Boosted Decision Tree (BDT) [179/180] with gradient boosting as
implemented in the Toolkit for Multivariate Analysis (TMVA) [181] is trained using
simulated signal candidates as signal proxy and data from a control sideband region
defined by m(D%) > 1890 MeV/c? for the background. This region is sufficiently
separated from the signal and misidentified physical decays and therefore it is
expected to consist of combinatorial background only. A multivariate classifier
might be more efficient on samples that have been used in the training phase.
To get an unbiased estimation of its performance, the total data and simulated
samples are split into disjoint subsamples according to even and odd event numbers.
The choice of this particular splitting is motivated by the fact that the subsamples
are by construction of similar size, while no experimental bias on any selection
variable caused by this splitting can be thought of. Two BDTs with the same set
of input variables and configurations are trained on the even and odd subsamples
and then used to classify the other subsample. By doing so, reliable estimations
of the true efficiency for a given requirement on the classifier output, referred to
as BDT value, are expected from simulation.

As the conditions between Run 1 and Run 2 have changed (e.g. different center-
of-mass energy and track multiplicity, improved tracking and PV reconstruction
algorithms), separate classifiers are trained for the two data-taking periods. Due to
kinematic differences between D° — 77~ T~ and D° — K+ K~ ™y~ decays,
the training is also done separately for both signal decay modeﬂ

The BDT is trained with the following discriminating variables as inputs:
o logarithm of the D° flight-distance x?, log(FDx?);
o logarithm of the cosine of the DY direction angle, log(DIRA);

o largest distance of closest approach of the DY daughters, max(DOCA);

2The BDTs have been trained separately for the measurement of the branching fraction [1]
and the asymmetries |2] (considering the marginal differences in the preselection). However,
for the sake of simplicity, in the following, only the performance of the BDT trained for the
asymmetry measurement is shown, as no significant differences are observed anyhow.
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Figure 3.5: Signal and background BDT output distributions, separately for training and
test samples and for (left) D — 7¥7~p+p~ and (right) D® — K+ K~ ptpu~
decays. The top plots show the samples trained on Run 1 data, while the
bottom plots show the distributions trained on Run 2 data (modified from

16])-
o smallest impact-parameter x? of the D° daughters, min(IPx?);
o D vertex x?;
o momentum of the soft pion;

 transverse momentum of the soft pion;

pr(D*H)-> P
defined as A, = P02 racksPT where
pT(D )+Zt7‘acks

the sum runs over reconstructed tracks which are not part of the signal
candidate within a cone of radius R = \/ (An)? 4+ (A¢)? = 1.5 around the

D* candidate. If no further tracks are found within the cone, A4,, = 1.

« D*-cone pr asymmetry A,,,

Background candidates are likely to be accompanied by additional charged

tracks, leading to A,, < 1.

The distributions of the input variables for D — 77~ pu*p~ signal and
background candidates are shown in Corresponding plots for D° —
K*tK~ptp~ decays can be found in The input variables have been
chosen with the aim to increase signal and background separation but also to

obtain an efficiency that is as much as possible independent of the masses m(u* ™)
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D® — nta~ptp~ and (right) D° — KK~ puTpu~ decays and separately
for the (filled dots) even and (open triangles) odd samples and (red-black)
Run 1 (cyan-blue) Run 2 data (modified from [6]).

and m(h*h™) of the dimuon and dihadron systems. An efficiency independent
of the dimuon and dihadron masses helps to reduce systematic uncertainties due
to the assumed decay model in simulated samples. The BDT classifier output
distributions for signal and background candidates are shown in [Figure 3.5, To
use the BDT output in the selection, a minimum requirement, say for example
BDT > 0, is chosen to reject of a large fraction of background, while the signal
efficiency is kept high. The output distribution in is shown for the
training and a statistically independent test sample, which was classified using the
trained BDT. The comparison is shown to check if the BDT accidentally learned to
distinguish signal and background based on statistical fluctuations of the training
samples rather than statistically significant differences in the underlying distribu-
tion of the input variables. If this was true, deviation of the BDT distributions
as obtained on the training and testing samples would be expected, which is not
the case. Furthermore, shows the comparison between the receiver
operating characteristic (a.k.a. ROC) curves, which is the signal efficiency versus
the background for any given requirement on the BDT output. The ROC curves
are shown separately for the BDT trained on even and odd samples, where no
significant differences are observed. As the statistical separation of some selection
variables has decreased under Run 2 conditions (see , a slightly better
performance of the Run 1 BDT is found.

The BDT selection is designed to suppress combinatorial background, while

the background from doubly misidentified hadronic four-body decays will be
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3 Reconstruction and selection of signal candidates

suppressed by requirements on particle identification. To account for possible
correlations, the optimal PID and BDT requirement are determined simultaneously.
As the optimal working point of the selection depends on the specific use case,
the optimisation is different for the branching fraction measurement and the
asymmetries measurements. The optimisation procedures will be explained in the
corresponding dedicated analysis chapters.

If there is more than one signal candidate reconstructed in a single event, these
are referred to multiple candidates. 1t is hardly probable that they are coming
from two independent true signal decays and more likely to be artefacts of the
reconstruction software. If, after the full selection, two candidates are found in
the same event, one is chosen at random. This requirement removes less than a

percent of the finally selected candidates.
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Figure 3.7: Distributions of the BDT input variables for (red) DY — 7+ 7~ u*u~ signal
and (grey) background candidates, and separately for (top panel) Run 1
and Run 2 (bottom panel) data. From top-left to bottom-right: log(FDx?),
log(DIRA), max(DOCA), min(IPx?), D° vertex x?, log(IPx?) of the soft
pion, momentum of the soft pion, transverse momentum of the soft pion,
D*-cone pr asymmetry (modified from [6]). Corresponding plots for D? —
KTK~p*pu~ candidates can be found in
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Determining signal and
background yields

Determining signal yields are crucial parts of the analyses presented in this thesis.
This chapter describes the procedure to separate the various components of the
selected samples on a statistical basis. First, it discusses the different features of
the components that allow for a discrimination. Then, the fit model is defined and

the analytic parametrisation of the mass shapes is outlined.

4.1 Discriminating signal and background

The selected data samples are a mixture of signal and background candidates
of unknown composition. The background is mainly composed of misidentified
hadronic four-body decays and random combinations of five charged particles (pure
combinatorial). Only small contaminations of real D® associated with unrelated
soft pions and secondary D*T are present after the selection.

Signal, misidentified hadronic decays and combinatorial background can be
separated using the reconstructed D° meson mass m(D°), as these components
have different kinematic properties. As random pion and secondary D*t back-
ground contain of true D° mesons, they cannot be distinguished in this dimension.
However, random pions (together with purely combinatorial) can be separated in
Am, as they do not come from a true D** candidate and therefore cannot form a
peak in the reconstructed mass of the D** candidate. Finally, secondary D** can
be separated in the IP distribution of the D°, as their origin is a displaced SV,
causing a larger IP with respect to promptly produced D°. schematically
shows the mass projection m(D°) and Am, as well as the (logarithm of the) IP
distribution for signal and different background candidates. Since the fractions of
random pions and secondary decays can be suppressed to the low percent level after
the selection, in the following, the signal is separated from the main backgrounds
consisting of misidentified four-body decays and combinatorial background using

a fit to the m(D°) distribution. The small neglected contaminations of random
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Figure 4.1: Sketches of the the mass (m(D°), Am) and log(IP)(D") distributions for
signal and background candidates. The red vertical lines in Am show the
mass window which has been chosen in the selection to suppress combinatorial
background and random pions (see for details of the selection).

pions and secondary decays are treated as sources of systematic uncertainties. The

fit model consists of the following three components:
o the signal, i.e. D° — K- K*utp~ or D° — 7= 7~ ptu~ decaydl}
 peaking background from four-body hadronic D* — h*h=n "7~ decays;

« combinatorial background.

The probability density functions (PDFs) that describe the individual com-
ponents are determined using either simulation or data control samples. As no
significant dependency of the PDFs on the data taking period is observed, Run
1 and Run 2 data samples are merged after the final selection. For the sake of
simplicity, the dimuon-mass integrated fits for the D° — h*h~p* = decays, i.e.
with no restriction to a specific dimuon-mass region, are shown in the following
sections. However, the mass shapes are determined individually for each considered
region of dimuon mass to account for the different kinematical properties of the
muons, which are reflected in particular in slightly different background mass
shapes. All fits to determine the signal shapes as well as the final fits to deter-
mine the branching fractions and asymmetries are extended unbinned maximum
lz’kelihooaﬂ fits. Unless stated otherwise, the shape parameters are all fixed to the
values as obtained in simulation/control samples when the final fits to the data

are performed.

"'When measuring the branching fraction, an analogous model for D® — K7+~ decays is

defined as explained in more detail in

2The maximum likelihood fit technique is a method of parameter estimation given a statistical
model and a set of measured observables. A detailed description can be found e.g. in Ref. [182].
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Figure 4.2: Fit to the D° mass distribution of simulated (left) D® — K+ K~ pu~ and
(right) D° — 77~ pu* ™ candidates (modified from [6]).

4.2 Parametrisation of the fit components

The signal mass shape is obtained by using simulated samples, which are filtered
with exactly the same selection as applied to the data. The Gaussian-like structure
shown in [Figure 4.2] with a slightly asymmetric left tail, caused by energy loss due to
Bremsstahlung effects, is parameterised by a Johnson’s Sy distribution [183]. The
Johnson’s Sy is a four-parameter function resulting from a variable transformation
of a normal distribution to allow for asymmetric tails which is well suited to
describe the observed D%-meson mass distribution of signal candidates. The

functional form is as follow:
1 emar

jSig(m‘MugvyaT) :./\TJC'O"T'\/T—H’
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with:
inh
fr:_y_i_a’SL(z),
T
~ m—(p+c-o-\/wsinh(w))
B c-o ’
w—1
c= :
2\/w-cosh(2w) +1
w:eTQ,
Ww=-—-v-T

The parametrisation is chosen such that u, o, v and 7 correspond to the first,
second, third and fourth statistical moments of the distribution. This means, the
parameter p describes the mean, o is the standard deviation and v and 7 are
the skewness and kurtosis, respectively, which allow to describe the asymmetric
tails. AN is just a proper normalisation factor. For each decay channel, the mass
shapes are determined individually. In , the fits to m(D") spectra of
the simulated D° — 77~ p*p~ and D° — KTK~uTu~ candidates are shown.
The bottom panel shows the pull distribution, which is the difference between the
data points and the fit function normalised by the data uncertainties. The pulls
are a graphical illustration of the goodness of the fit. As the available statistics in
simulations is exceeding the data statistics by at least two orders of magnitude,
the discrepancies visible in the tails of the distributions in are not
relevant when fitting the data. The effect of possible limitations of the simulations
to describe the signal mass shapes are discussed later and dedicated systematic
uncertainties are assigned.

The D%-mass shape for misidentified hadronic decays is determined by using
data samples of D*t — D°(— hth~n"n~ )7} candidates, where two oppositely
charged pions are assigned muon mass to mimic the situation as present in the
signal samples. While this choice is unambiguous for D° — K=K 7"7~, in the
case of D° — 7~ w7t~ two pions are chosen at random. As visible in [Figure 4.3}
the characteristic peaking structure emerges, where the peak position is shifted by
~ 20 MeV/c? with respect to the nominal DY mass. As for the signal component,
these shapes are parametrised by a Johnson’s Sy distribution J™#/P_ The long
asymmetric tails of the distribution towards lower masses is caused by pions that
decay into a uv pair. As the undetected neutrino takes some fraction of the total
momentum, the energy of the D° candidate is underestimated. The fraction of pion
decaying in flight, and therefore also the shape of the distribution, depends on the

selection requirements, in particular on muon particle identification criteria. As it
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Figure 4.3: Fit to the D° mass distribution of data samples of hadronic (left) D —
KT*K-nt7n~, and (right) D* — nt7~ 7" 7~ decays, where two oppositely
charged pions have muon mass assigned (as indicated by the notation of

the x-axis label) and one of those pions has also muon PID requirements
(modified from [6]).

is not possible to apply the same selection to the control samples without revealing
signal decays and ending up with unusable statistics, only looser requirements
are imposed on muon particle identification. In particular, this means that only
one of the pions is required to be identified as a muon. The consequence of the
inability to select the control samples with exactly the same requirements used for
the main sample is a source of systematic uncertainty that will be discussed later.

The D°-mass shape of the combinatorial background is parametrised by an

exponential function and determined directly on data.

£ ml) = 1"
However, the very low statistics does not allow to leave the exponent v free to float
in the fits. Instead, a sideband in Am is identified, which is used to fix the exponent
of the PDFs before. To suppress signal-like random D° candidates, which are
uniformly distributed in Am, the BDT defined in is used in the sideband
region by an inverted requirement. Potential effects of the sideband definition on

the background shape will be treated as systematic uncertainties. Two example
fits are shown in [Figure 4.4 for D° — KTK~p"u~ (left) and D — 7ra—putpu~
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Figure 4.4: Fit to the D° mass distribution of data samples in the (Am, BDT) sideband
as defined in the text for (left) D — K*K~-p*u~ and (right) D° —
atn~ut ™ candidates (modified from [6]).

(right).

The total PDF to describe the measured mass distribution is the sum of the
signal and the two background components with appropriate coefficients Nq,
Npisip and Neopp describing the yields of signal, misidentified and combinatorial

backgrounds, respectively:

PDF(m|Nsig> NmisIDa Ncomb) = Nsig : jSig + NmisID : jmiSID + Ncomb : gcomb

As all shape parameters are fixed, the only free parameters of the fit are the yields.
Example for a total PDFs used to fit the m(D°) distributions of D* — KTK~pu™u~
and D° — nF 7~ utp~ candidates is shown in [Figure 4.5 Because of the smaller
amount of energy released in the decay, the width of D® — K+ K~ putpu~ signals
is smaller compared to the D° — 7#F7~ "~ mode. Furthermore, as the effect
of bremsstrahlung is more suppressed for kaons, the low-mass tail of the signal

distribution of D® — KT K~ u* = decays is less pronounced.
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First observation and branching
fraction measurement

This chapter describes the first observation and the determination of the branching

fractions for D° — w7~ putp~ and D° — KYK-utu~ decays.

5.1 Measurement strategy

Decays of D° mesons to m7m~ "~ and K™K~ p*p~ final states have never been
observed before. The first goal is therefore to perform a search for these decays and
measure or put limits on branching fractions, depending on whether a significant
signal is found or not.

Experimentally, a determination of an absolute branching fraction of a decays
D — f can be done by measuring the yield of all produced D° mesons, as
well as the amount of D° decays to final state f This is challenging because
it relies on a precise knowledge of the D° production rate (luminosity times
cross-section) and on the determination of absolute reconstruction and selection
efficiencies for the given final state f. A simpler approach which is subject to
smaller uncertainties is to perform the branching fraction measurement relative to
a normalisation decay mode having similar topology. In this analysis, the decay
mode D° — K~nt [t 7] 0, is chosen, where the two muons are consistent with
coming from a p°/w resonance (dimuon mass in the range 675 — 875 MeV/c?). The
ratio between signal and normalisation branching fractions can be computed as
follows:

B(D° — hth~ptp=)  N(D°—hth utu™) eD° — K- mtutp™)

= 1
B(DY — K-ntutp~) N(DO — K-ntutp=) e¢(D® — hth—ptp-)’ (5.1)

where N are the observed yields and e the total reconstruction and selection

efﬁcienciesﬂ Only the ratio of yields and ratio of efficiencies for signal and normal-

'For better readability, D° — K~ a*[utpu~] 0/, is abbreviated as D® — K~ ptp~ if it is
used as an argument in the following.
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5 First observation and branching fraction measurement

m(ptp”) [MeV/c? ]
Decay mode low mass n 00w [0) high mass
D — KYK-ptu~ | <525 | 525— 565 > 565 NA NA
D — atn—ptu~ <525 | 525 — 565 | 565 — 950 | 950 — 1100 | > 1100

Table 5.1: Definition of the dimuon-mass bins used in the analysis. The bins that are not
kinematically allowed are indicated with the acronym NA (modified from [5]).

isation mode need to be determined. It is very convenient to determine relative
quantities instead of absolute ones, as many systematic effects are cancelled in the
ratio if the two final states are similar. The D* — K~ n*[u* 1] 0/, candidates are
built and preselected in full analogy to the D° — h*h~p* = signal candidates
as described in [chapter 3] The signal branching fraction can be determined from
[Equation 5.1] using as external input the branching fraction of the normalisation
mode measured by LHCb [119:

B(D° — K mt [t i ]0/0) = (4.17 £ 0.12 (stat) £ 0.40 (gyst)) - 107°.

To gain discrimination between the short-distance (SD) and long-distance (LD)
contributions to the branching fraction, the analysis is performed in different
bins of the dimuon mass as defined in Three of these cover the regions
which are expected to be dominated by intermediate resonances (1, p°/w and ¢),
while the high and low dimuon-mass regions are defined such that the influence
of the resonances is minimal. If a significant signal is observed in a dimuon-mass
region, the branching fraction is measured. Otherwise, an upper limit is set. No
further attempt to separate the SD and LD contributions within a dimuon-mass
region is done. Note that the reduced energy released in the D° — K™K~ p*pu~
decay restricts the measurement to the first three dimuon-mass regions; the ¢
and high dimoun-mass regions are kinematically not accessible. Furthermore, the
total dimoun-mass integrated branching fraction for the two signal decays will be
computed at the end.

The measurement uses about 2fb~" of integrated luminosity collected by LHCb
during 2012 and has been performed as blind analysis in the regions of the dimuon-
mass spectrum where no signal is expected. This means, the measured quantities
as well as the mass projections remained unknown and were examined only after
the analysis procedure had been finalised. Blinding is a common procedure in
experimental high-energy physics to avoid potential experimenter’s bias on the
measurement. The ¢ and p°/w regions of the dimuon mass in the D° — 77~ ptp~

case were not blinded and used to validate the quality of the fits and evaluate
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5.2 Selection optimisation
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Figure 5.1: Figure-of-merit scan in the two dimensional space of minimum BDT and
ProbNNmu requirements for (left) DY — K*K~pu*u~ and (right) D° —
7T~ puTp~ decays. Only the subsets with positive polarity are shown. The
black crosses represent the chosen/optimal selection requirements ||

systematic uncertainties.

5.2 Selection optimisation

The measurement of the branching fractions aims at a first discovery of the
signal channels D — 7t7~putpu~ and D° — KT K~ p* . The BDT and ProbNNmu
selection criteria are optimised to maximise the chances of discovery by maximising

the value of the figure of merit [184]

FOM = Coig

a/2+,/kag7

where €, is the signal efficiency and Vi, is the total background yield, i.e. the sum
of the combinatorial and the misidentified background yields in the signal range.
The parameter a is set to be a = 5 to optimise the selection for a statistical signal
significance of 50. The background yields Ny, are determined from blind fits to
the data (following the model introduced in , while the signal efficiency
€sig 18 estimated using simulated samples. The optimal selection configuration is
found in a scan of the two-dimensional space of the minimal ProbNNmu and BDT
requirements, where the requirement on ProbNNmu is applied to both muons. To
avoid unwanted biases, the data is split into two disjoint sub-samples (selected

according to the magnet polarityE[) and the scan in performed independently in

2As explained in the polarity of the LHCb dipole magnet is periodically switched,
leading to two disjoint sub-samples with similar statistics.
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Figure 5.2: D mass distributions for the DY — K~ n*[utp~] 0/, decays resulting
from the selection optimised for (left) D® — #F7~ T~ and (right) D° —
KtK~ptu~ signals (and fit projections overlaid) [3].

each of these, where compatible results are observed. shows the results
of the scan for both signal channels, on the samples with positive polarity. The
maximum of the figure of merit is found to be at the requirements ProbNNmu> 0.5
and BDT> 0.4 for both decays.

To minimize the uncertainty on the efficiency ratio, the normalisation mode
is filtered with exactly the same requirements as the signal modes. As the BDT
was trained separately for both signal decay modes, the normalisation mode
is classified with both BDTs. When used to normalise D° — 7fa~putu~ de-
cays, the corresponding selection was applied, and accordingly when normalising
D — KTK~p*p~ decays.

5.3 Yields determination

In each dimuon-mass region, the yields are obtained by using one dimensional
extended maximum likelihood fits to the D® mass of fully selected signal candidates
as explained in An analogous model for D* — K~ [ 1] 0, decays
is defined. To account for a mismodelling of the signal shape in the simulated
samples, two scale factors allowing for an adjustment of the width (s;) and peak
position (sy) are introduced. These factors are left free to float in the fit to
the normalisation mode. Due to the low statistics, the scale factors cannot be
left free to float in the fits to the signal modes. Instead, they are fixed to the
numerical values s; = 1.10 £ 0.03 and sy = 1.00003 £ 0.0001 obtained from the
D — K-t [ty 0/, fits. The D® mass spectra of the normalisation mode for
the D° — 77~ putp™ and D° — KK~ p*pu~ selections are shown in

with fit projections overlaid. The D" mass spectra and fit projections of the signal
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5.3 Yields determination

Channel m(ptp™)  Neg Npistd Neomb significance
[MeV/c?] p-Value  Gaussian o

DY — K—at [t )0

selection 7w putu~ 675 — 875  1971.2+50.5 258.14+37.6 42.54+20.9

selection K=K~ puTp~ 675 — 875  1805.9448.3 254.04+34.5 35.1+18.4

DY — oo ptp < 525 26.6+6.4 24.7+6.8 19.746.5 5-1078 5.4
525 — 565  4.9£2.6 8.1+3.1 0.0£0.8 7-1073 2.5
565 — 950  208.3£16.7 64.3£13.1 49.4+11.9 7-10"7 18.0
950 — 1100 311.9£19.7 29.3+£12.3  40.8£10.9 5-107'20 23.3
> 1100 9.4+£5.7 7.24+6.4 43.348.7 6-1072 1.6

D' S KK <52 54526 00£14 6528 9.10° 31
925 — 565 - -
> 565 28.61+5.4 3.442.1 0.0£24.3 2-107% 8.1

Table 5.2: The yields extracted by the one dimensional fit for all channels and dimuon-
mass bins with their uncertainties. For the signal modes, the scale factors for
width and mean of the distribution are fixed to the values as obtained by the
fit to the normalisation mode (modified from [5]).
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Figure 5.3: D mass distributions for selected D® — 7+ 7~ % u~ candidates in the low-
m(utp~), n, p°/w, ¢ and high-m(u*p~) regions (with fit projections) [1].

D — ntn—putp” and DY — KYK-utu~ decays are shown in and
Figure 5.4] separately for the 5(3) dimuon-mass regions. No fit can be performed

in the 7 dimuon-mass region of D° — K™K~ u*u~, where only two candidates

are observed. In all other dimuon-mass bins a fit is performed. The determined
signal and background yields are reported in
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Figure 5.4: D° mass distributions for selected D® — K+ K~ p* ™ candidates in the low-
m(pt ™), nand p° /w regions (with fit projections). No fit can be performed
in the 7 region, where only two candidates are found [1].

The fitter has been validated using a large number of pseudo-experiments.
The fit procedure is stable and returns unbiased estimates of the yields and the
uncertainties in the range of interest for the signal branching fraction (> 107%) as
shown in [Appendix C]

The statistical significance of the signal in each dimuon-mass region is estimated
from the likelihood ratio between the signal-plus-background hypothesis and the
background-only hypothesis, using Wilks’ theorem [185]. From these ratios, p-
values are computed for the background-only hypothesis as reported in [Table 5.2
Furthermore, the p-values are translated into equivalents of Gaussian standard
deviations o, such that [° \/%exp(—xz /2)dx = p. The branching fraction is
computed only for regions where the statistical significance exceeds 3o, and upper

limits are set for the others.

5.4 Efficiency ratio determination

This section describes the determination of the ratio of the total re-
construction and selection efficiencies for signal and normalisation modes,
e(h*h~utp™)/e(K-nTutp™), which is the second essential component of the

analysis. The total efficiency e for each decay mode can be written as product of
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5.4 Efficiency ratio determination

the following partial efficiencies:

€ = €acc * €presel * €PID * €trig * €BDT),

Here, the individual components are detector acceptance, preselection efficiency,

PID efficiency, trigger efficiency and defined as follows:

€acc — Nin acceptance/Nproduceda
€presel = Nreconstructed and preselected/Nin acceptance)
€PID = Npassing PID selection/Nreconstructed and preselected
€trig = {Vpassing trigger requirements/Npassing PID selection>

€BDT — Npassing BDT selection/Npassing trigger requirements»

where N are the yields before and after the selection steps as indicated by the
subscripts. Note that the partial efficiencies are defined as conditional efficiencies,
i.e. under the condition of having past all previous selection steps, such as the
partial efficiencies can be determined from distinct samples while the remaining
parts are estimated from simulations. Only the ratios between the efficiencies of
the signal and normalisation decays are reported. shows the ratios of
the partial efficiencies as function of dimuon mass. The PID and trigger efficiencies
are further split into hadron and muon PID efficiency and L0 and HIt trigger
efficiencies, respectively. A more detailed description is given in the following

sections.

LHCb acceptance, reconstruction and preselection efficiency

Due to the LHCb detector geometry, which is only covering a limited region of the
solid angle in the forward region, only a fraction of the produced signal decays falls
within the acceptance. Large simulated samples of signal and normalisation decays
are generated and the fraction of candidates where the final state particles are found
within the detector acceptance €,.. is computed in all dimuon-mass regions. The
ratio of acceptances for signal and normalisation modes are shown in the top row
of [Figure 5.5 Simulated candidates passing the acceptance requirement are further
processed and the combined efficiency €pcs¢; for the reconstruction and preselection
criteria as described in is computed. After the offline reconstruction,
also simulated samples contain a small contamination of incorrectly reconstructed
backgrounds in the order of a few percent. These backgrounds can be removed by

truth matching, an algorithm that tries to associate the reconstructed particles with
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Figure 5.5: Summary of the individual components of the relative signal to normali-
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sation mode efficiency, to be explained in more detail in the text. From
top to bottom: Detector acceptance (€acc), combined resconstruction and
preselection efficiency (€presel), muon and hadron PID efficiencies (epip),
trigger selection efficiency e and BDT selection efficiency (egpr). Left is
for D° — K~ KTu*p~ and right for D° — 7= 7"t p~ (modified from [5)).



5.4 Efficiency ratio determination

the generated ones. The matching criteria is a somewhat arbitrary requirement that
by itself has a certain efficiency. For this reason, the yields are determined using
fits to the D° mass distributions of the simulated candidates that do not have any
truth-matching requirement. In these fits, the background component is described
by a simple exponential function, while the signal is described by the nominal
model (a Johnson’s Sy distribution) as explained in . A systematic
uncertainty is assigned due to these assumptions in [section 5.5 The results of the
combined relative reconstruction and preselection efficiency is shown in [Figure 5.5
Due to differences between the kinematical distributions of the final state particles
(e.g. momenta, opening angles), in D° — KTK-pu*pu~ decays a significantly
lower reconstruction efficiency is measured compared to D — 77~ u* ™. Note
that in the definition of the combined reconstruction and preselection efficiency;,
resolution effects of the dimuon mass are also taken into account. In particular,
the probability of a DY candidate to be reconstructed in a dimuon-mass region
that is different than the region in which the true (i.e. generated) dimuon mass

falls, is included in the efficiency.

Particle identification efficiency

The PID efficiency is split into two terms, eprp, and €prpp, corresponding to
the efficiencies of the PID requirements on the final state muons and hadrons,
respectively. Each of these terms is evaluated using a data-driven approach as
implemented in the PIDCalib software package [186] of LHCb. The package allows
to determine the efficiency for a given PID selection requirement using a tag and
probe method, where a tag particle is tightly selected to clean the high statistic
calibration samples from unwanted backgrounds and the probe particle is used to
determine the efficiency. Samples of J/i — ptu~ decays are used to determine
the muon PID efficiency and D** — DY(— K~ 7")7" decays are used for kaon
and pion PID efficiencies. As the PID information is mainly based on information
of the RICH detectors, the performance (and consequently the efficiency for a PID
requirement) is highly depended on the kinematics of a particle. To cope with
the different kinematics of the particles in the calibration and signal samples, the
efficiency is evaluated in a user defined multidimensional phase-space binning. In
this analysis, a two dimensional binning in (p;n) is chosen. Details on the binning
scheme for each particle species can be found in [Appendix B| In each bin i, the
efficiency ¢; is measured in the calibration sample. As proxy for the kinematics of
the signal decays, simulated candidates are used as reference samples. The average

efficiency € in the signal samples can then be simply calculated by computing the
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Figure 5.6: (Left) p-n space for muons coming from simulated D° — K+tK~—p*tu~
decays. Each color corresponds to a certain pp(u) range, which appears as
bands in this space. Overlaid in blue boxes is the PID calibration sample,
not covering the black low pr < 800 MeV band of the signal sample. (Right)
The single muon PID efficiency in pr(u) bins (i.e. evaluated in each coloured
band) and the extrapolation to the regime not covered by the calibration
sample (modified from [5]).

weighted average over all bins:

Ziebins Nie;
Ziebins Nz

€= (5.2)
with N; being the number of simulated candidates in the reference sample in bin
1. The statistical uncertainty caused by the limited size of the control samples
is negligibly small. The uncertainty on the PID efficiency will be dominated by
systematic effects as discussed in [section 5.5

To estimate the PID efficiency from data calibration samples, a full coverage of
the phase-space distributions of the signal final state particles by the calibration
samples must be assured. This is not the case for the muons selected in this
analysis as shown in , where the two dimensional (p;7) distributions of
muons in the signal and calibration data samples are compared. The uncovered
(black coloured) region is the effect of a pr > 800 MeV/c requirement present in
the selection of the calibration samples, which appears as a band in the (p;n)
space. Depending on the considered dimuon-mass region of the signal decays, the
pr(pn) < 800 MeV/c region contains ~ 20% of the signal candidates. Removing
these signal candidates is therefore not desirable. To overcome this problem, the
reference sample is split in regions of muon pr and the single muon PID efficiency

is determined using [Equation 5.2 in each of these. The efficiency evaluated for
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5.4 Efficiency ratio determination

pr > 800 MeV/c is extrapolated with a linear fit into the region below 800 MeV/c
(down to the minimum threshold of 300 MeV/c) as shown in the right panel of
[Figure 5.601 A conservative uncertainty, corresponding to the full variation of the
fit function within the low pp region, is assigned. As the extrapolated low pr
efficiencies for muons in all signal decays (and also evaluated individually in each
dimuon-mass region) turn out to be compatible, a single averaged value is used in all
cases. In particular, the same value for signal and normalisation mode is assumed,
leading to a large cancellation in the ratio of efficiencies. The total single muon PID
efficiency is then the average of the efficiencies eprp,(pr > 800 MeV/c) as evaluated
from the control sample and epip, (300 MeV/c < pr < 800 MeV/c) obtained from
the extrapolation, weighted by their fractions as taken from simulations.

The final muon PID efficiency, is calculated as the product of the two single
muon PID efficiencies. Apart from kinematical correlations, which are taken care of
by the binning in (p;7n), the two efficiencies are assumed to be independent, since
only D° candidates are selected where the two muon do not share any hits in the
muon stations. However, the assumption has also been validated in simulations.

The determination of the hadron PID efficiency is straightforward as the control
samples fully cover the kinematical distributions of all final state hadrons of the
signal decays. The total hadron PID efficiency epippnaq is again the product of the
individual contributions of each final state hadron.

The results of the relative signal to normalisation mode muon and hadron PID

efficiencies are shown in [Figure 5.5|

Trigger selection efficiency

The trigger efficiency e is split into two parts, the efficiency of the lowest level
hardware trigger selection epgnuon and the software high level trigger epy.

The branching fraction measurement uses only D° candidates with at least
one of the two muons associated to the trigger signal responsible for a positive
decision of LOMuon. Generally, the efficiency of LOMuon is very high (> 90%) as
long as the offline reconstructed pr of the muon is well above the trigger threshold
of > 1.7GeV/c, which is not true for muons coming from D° — hTh~pu*pu~
decays. Since it is not clear if the hardware trigger efficiency at the threshold
is reliably modelled in simulations, epgyuon is also determined directly on data
using a calibration sample of D} — 7 [u*p~], decays recorded under the same
conditions as the signal decays. Analogous to the signal selection, the two muons
in the calibration sample must not share any hits in the muon stations. As done

for the PID efficiency, €romuon for a single muon is evaluated using a tag and probe
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Figure 5.7: Example mass fit (left) to the D mass of D} — «¥[uTp~], decays, cor-
responding to the range 3 < pr < 8 GeV/c of the probe muon. Single-muon
LOMuon trigger efficiency (right) as function of the probe muon pr [5].

method. The efficiency on the trigger selection requirement is then just obtained
by dividing the yield of D} candidates where the probe fulfils the trigger selection

requirement by:

firedTrigger|  tightly selected
N( probe :utag )

€LOMuon — N( tightly selected)
tag

The yields are obtained through fits to the DI mass distribution as shown in the
left panel of [Figure 5.7]

Similar to the PID efficiency, the L0 efficiency for a single muon is measured
in bins of the muon transverse momentum (right panel of [Figure 5.7) to account
for the different kinematic distributions of the signal and calibration samples. As
the binning is based on the offline-reconstructed momenta, the trigger threshold
pr 2 1.7GeV/c is smeared by the limited resolutions at hardware trigger level.
The efficiency of the logical OR requirement is calculated from the single-muon

efficiency as

ELOMuon(NO OR ,ul) - ELOMuon(/LO) + 6LOMuon(,ul) - ELOMuon(NO) * €L0Muon (,ul) (53>

is evaluated on a candidate-by-candidate basis using simulated
candidates as proxies for the signal muon kinematics. The final efficiency €pgmuon iS
then the averaged value over all candidates.

The effect of limited statistics of the control sample is evaluated by performing

pseudo-experiments. As the efficiencies of two tracks are correlated if they fall into
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5.4 Efficiency ratio determination

the same py bin, in each pseudo-experiment all bins are fluctuated according to a
normal distribution with the bin content as mean and the bin uncertainty as width.
The whole efficiency determination is repeated with the fluctuated histogram
resulting in a new efficiency € gy,o, for each pseudo-experiment. The uncertainty
Ae€pomuon 18 then defined as the standard deviation of the resulting distribution of
€Lowuon-

Apart from kinematics, no additional relevant correlations between the two
final state muons are expected as the muons do not share any hits in the muon
system, which is the subdetector mainly responsible for the trigger decision. The
validity of the tag and probe method is checked and systematic uncertainties due

to its potential limitations are studied in [section 5.5|

The efficiency of the HIt selection ey, which is purely based on software, is de-
termined using simulated samples and results are shown in |[Figure 5.5 The quoted

Hlt selection efficiency is the combined HIt1 and HIt2 selection requirements.

MVA selection efficiency

The last remaining part of the total efficiency is related to the BDT requirement. As
the BDT was trained separately for both signal channels, the relative BDT selection
efficiencies shown in are normalised by different BDT selection efficien-
cies for the normalisation mode. When normalising e(7t7n~utu™), the efficiency
of the BDT trained with D° — 77~ p"p~ candidates on D — K~nt [t 1] 0/,
candidates is used, and accordingly the BDT trained on D° — K+*K-utu~ is
applied to the normalisation mode in the ratio e(KT K~ ptu™)/e(K-mTutu™).

Total efficiency ratio

As anticipated in the beginning of this section, the total relative efficiency is the
product of the individual partial efficiencies. The results which will enter the
branching fraction computation are shown in [Figure 5.8 As parts of the efficiency
(e.g. reconstruction and preselection, L0 muon trigger, muon PID) strongly depend
on the momenta of the muons, which on average increase as a function of dimuon
mass, the total efficiency ratio increases as function thereof. This is also the reason
why the ratio of efficiencies is larger than unity for D° — 77~ pu*p~ decays in
dimuon-mass regions which are significantly higher compared to the normalisation
mode. For D° — KT K=t~ decays, the reduced decay phase space leads to
lower momenta of the D° daughter muons and thus to a reduced efficiency in

general.

69



5 First observation and branching fraction measurement

.’; 06: T T T T T T T T T T T T E ,’5_ T T T T T T T ]
% 0.58F - E 1.6 5
E 056F | 1 I +:
X - 1 X 14F + -
. 054 | 1 I ]
cé 0.52f - X b ]
5 0.5F | 4 = - ]
CT C <] L
= 0.48F | 3 ;-: i
= o 1 5 1__ ]
5 046 1 2 -
X 044F 1 F o8k J[ ]
X 042f I
A o ] 1 i ]
o 04 L ! ! | ! ! ! | ! ! ! | ! o 06 ! ! | ! ! ! ! | ! ! |
2 "2 400 600 800 e 500 1000 1500
Bt muw)[Mevic?]  f m(ur)[Mev/c?]

Figure 5.8: The total relative efficiency as a function of the dimuon mass for (left)
DY — K~K*ptp~ and (right) D° — 7~ 7" ut = decays. The black error
bars report only statistical uncertainties, the red error bars include also the

systematic uncertainties discussed in [5].

5.5 Systematic uncertainties

Sources of systematic uncertainties affecting the measurements of the branching

fractions can be grouped into three main categories:

o uncertainties due to the limited knowledge of the branching fraction of the

normalisation decay;
o uncertainties in the determination of the ratio of yields;

e uncertainties in the determination of the ratio of efficiencies.

Small fractions of background from random soft pions (~ 1.4%) and secondary
D** mesons (~ 1.3%) have been neglected. These backgrounds can bias the
determination of the measured branching fractions if their fractions in the signal
and normalisation mode deviate from each other. As compatible (and very small)
fractions of these backgrounds in D° — h*h~p*p~ and D — K~ 7t [t ] 0/,
decays are estimated from a Am sideband and simulations, respectively, any bias is
below the percent level and negligible compared to other systematic uncertainties.

No additional systematic uncertainty due to neglected backgrounds is assigned.

Uncertainty on the normalisation mode branching fraction

The branching fraction of the normalisation mode is measured with a 10% relative

uncertainty [119], which is propagated to the signal branching fractions. Being
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5.5 Systematic uncertainties

completely independent of the presented analysis, this uncertainty is quoted as
a separate contribution to the total uncertainty and not combined with other
systematic uncertainties to allow for an update in case a more precise measurement
becomes available.

In the following, the uncertainties related to the determination of the yields

and ratio of efficiencies are discussed in detail.

Uncertainties on the ratio of yields

When the ratio of yields Ryielqs = ﬁ((gfjﬁf’;lﬁﬁ)

bitrary choices in the description of the PDFs are made, whose impact is now

are determined, several ar-

evaluated. In particular, this concerns:

« the effect of residual differences of the signal shape due to differences in

simulations and data;

« the inability to select the D® — hTh")~p* i~ samples used to determine the
shape of misidentified hadronic four-body decays with the same requirements

as the signal;

o the definition of the sideband region to constrain the shape of the combina-

torial background.

Systematic variations of the yield ratio are studied using the ¢ resonance region
of DY — wF7~ "™, where the signal was not blind. These uncertainties are
directly evaluated on the ratio of yields, as systematic effects are expected to
cancel partially.

The PDF used to describe the signal shape is determined from simulated samples.
To account for possible simulation-data differences, two scale factors accounting
for a possible shift of the maximum and an adjustment of the width are free to
float when fitting the normalisation mode. As a systematic check, the scale factors
are also left free to float when fitting D° — 7#f7~u*u~ in the ¢ resonance region
of the dimuon mass, where, in contrast to other dimuon-mass regions, sufficient
statistics allows for a stable fit. A value of 1.01 4+ 0.07 is found for the factor
scaling the width of the distribution, compatible with what has been obtained in
the normalisation mode (1.10 £ 0.03). The scale factor for the mean is compatible
with unity at a level of 107 in both cases. The variation of Ryielq is investigated
using the different scale factors and only a negligible difference is observed. No
additional systematic uncertainty is assigned.

As described in [chapter 4] when the shape of peaking background from four-

body hadronic decays is determined in data control samples, it is not possible to
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Figure 5.9: Different peaking background shapes we studied to investigate the effect of
our inability to select the control samples with exactly the same PID and
trigger requirements used for the main samples [5].

apply the same requirements on muon particle identification and trigger selection
without revealing signal decays and ending up in unusable small statistics. Instead,
only one pion should pass the muon PID criterium, where always the pion with
charge opposite to the charge of the tag pion 7, is chosen. In total four alternative

requirements are tested.

o muon PID for the pion with the same charge as the m,;
o muon PID for the pion having larger transverse momentum;
o muon PID for the pion having smaller transverse momentum;

e no muon PID at all.

As the shape depends on the kinematics of the final-state particles and the fraction
of pion decays in flight 7 — pv, which are depending on muon kinematics and
muon PID requirements, these alternative requirements are chosen such that
large variations on the shape are expected. The resulting PDFs of misidentified
D° - K—ntnt 7~ can be seen on The ratio of yields as obtained by
using the alternative background PDFs are reported in[Table 5.3 The maximum
deviation, which corresponds to a relative change of 1.4% on the ratio, is taken
as systematic uncertainty and propagated to all dimuon-mass regions and signal
channels. Variations on the assumed background shape in the fits to the hadronic
modes produce negligible (< 0.1%) changes on the ratio of yields.

As a reminder, the sideband used to constrain the shape of the combi-

natorial background is defined by an inverted BDT < 0.4 requirement and
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5.5 Systematic uncertainties

Muon PID requirement Yield of Yield of Their

D’ rtn[ptp]y D — K owt|ptu ],  ratio Ryeds
Pion with opposite charge as 7, (default) 312 +£20 1971 £51 0.158 £ 0.011
Pion with same charge as 311 £20 1992 + 49 0.156 £0.011
Pion with larger pr 312+ 20 1986 £ 50 0.157 £ 0.011
Pion with smaller pp 311 £ 20 1969 +£ 51 0.158 £0.011
None 311 +20 1985 £ 51 0.157 £0.011

Table 5.3: Systematic study on the impact of the muon PID requirement for the deter-
mination of the peaking-background shapes [5].

Am > 150 MeV/c?. The effect of this particular choice on the shape of the com-
binatorial background is evaluated by the comparison of the results obtained
in eight alternative sideband definitions, varying both the requirement on Am
(> 150 MeV/c?, 150 — 160 MeV/c?, > 165 MeV/c?) and BDT (< 0.4, < 0, no BDT re-
quirement). In each of these regions, the coefficient of the exponential background
is determined. The variations of the resulting ratio of yields obtained using the
alternative PDFs are far below the percent level and negligible compared to the
uncertainty on the peaking background PDF.

Finally, the statistical uncertainty on the normalisation mode yield is propagated
as systematic uncertainty to the final measurement. After the D° — 7F 7= ptp~
(D' — K"K u*tp~) selection, normalisation mode yields of 1971.2 +50.5
(1805 + 48.3) are measured, leading to relative statistical uncertainties of
ANorm/Noorm = 2.6%(2.7%).

In summary, the following two relative uncertainties on the ratio of yields are

considered:

o 1.4% caused by the limited knowledge of the shape of the peaking background

component;

e 2.6% (2.7%) due to the statistical uncertainty of the normalisation mode
yields for D® — ntr=putp= (D° — KT K—ptp™)

These uncertainties are summed in quadrature and assigned as systematic uncer-

tainty on ratio of yields of each dimuon-mass bin.

Uncertainties on the ratio of efficiencies

The uncertainty on the ratio of efficiencies AR, will be treated as systematic
uncertainty on the branching fraction measurement. Foremost, R, has a statistical
component on its own AR, g4, which results from the limited size of the simulated

or data control samples. In addition, the determination of the individual partial
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5 First observation and branching fraction measurement

efficiencies as explained in is done with help of several methods that

have limitations. In particular, these limitations are caused by

o the fit model used to determine simulation yields;

the methods used in the determination of the PID and trigger efficiency;
o the inaccuracy of the simulations to describe the data;

the effect of the assumed intermediate resonances in the simulations.

In the following, more details on these sources of uncertainties are given.

When determining the combined reconstruction and preselection efficiency,
the candidate yields after applying the selection criteria are obtained through
simple fits to the D° mass distribution of simulated data to statistically subtract
the small fraction of background present. In this fit, the signal component is
described by a Johnson’s Sy distribution and the background by an exponential
function. All shape parameters are left free to float in the fit. As systematic study,
the reconstruction and preselection efficiency is evaluated using an alternative
fit model, which is the sum of two Gaussians with shared mean for the signal
and a constant for the background. The study is done for each signal channel
and dimuon-mass region separately. For each region, the difference between the
efficiencies AR, obtained by the two alternative models is computed. The studies
are combined into a common single value by computing the root mean square
(RMS) of the variations. The RMS of the resulting AR, distribution of 1.0% is
assigned as absolute systematic uncertainty for all dimuon-mass regions and signal
channels.

The evaluated efficiency is depending on the kinematics of the signal decays,
which in turn depend on the assumed decay model in the simulated samples. The
evaluation of the efficiency is done separately in regions of dimuon mass, so that
the dependency on resonances in dimuon mass is accounted for, since only small
variations within a restricted dimuon-mass region can occur. However, no binning
in dihadron mass is done, so that a wrong modelling of the hadronic spectrum can
bias the efficiency. The potential bias caused by the decay model is evaluated as
follows: With respect to the default model (¢f.[Table 2.1)), the relative contributions
of the dihadron resonances are increased and decreased by 50% and the efficiency is
recomputed for each region of dimuon mass. Accordingly, alternative compositions
of dimuon-mass resonances are tested. Instead of a mixture of several components,
each dimuon-mass region is assumed to contain only the dominant resonance. To

translate the efficiency variations into a systematic uncertainty, the resulting signal
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5.5 Systematic uncertainties

efficiencies are compared to the default model. The RMS of their relative deviations
as obtained in each dimuon-mass region and for each signal decay mode, is taken
as common systematic. For the alternative hadronic models, a RMS of 1.7% is
found, while the spread of the efficiency variations caused by the alternative
dimuon models is determined to be 2.9%. Adding these two contributions in
quadrature results in a total systematic relative uncertainty of 3.4% due to the
limited knowledge of the decay model.

The hadron and muon PID efficiencies are evaluated using control samples of
Jip — ptp~ and D*F — D%(— K~77)nt decays. A two dimensional binning
scheme is defined in (p;n) to account for the different kinematics of the probe
particles in the calibration samples and the signal decays, such that sufficient
statistics are available in each of the two dimensional regions. The effect of the
specific choice for the definition of the bins is tested using two alternative binning
schemes. A coarser and finer scheme is defined (details in and
the signal PID efficiencies are evaluated using each of them. Again, the study
is performed for each dimuon-mass region and signal decays and the RMS of
the observed variations of 0.6% and 0.5% for the muon and hadron efficiencies,
respectively, is determined. This leads to a total systematic of 0.8% caused by the
method to determine PID efficiencies, taken as absolute uncertainty on AR,. This
uncertainty is much larger than the uncertainty caused by the limited statistics of
the control samples.

To determine the LO trigger efficiency, a tag and probe method is developed to
estimate the efficiency from a calibration sample of D} — 7 [u* ™|, decays. Two
main assumptions need to be validated. First, the method assumes that the tight
selection requirements on the tag muon do not bias the efficiency of the probe
muon. Second, it is assumed that the single muon trigger efficiency as obtained
from a control sample can be transported to any other dimuon final state, where
the efficiency of the “or” requirement can be calculated using [Equation 5.3| This
implies that, apart from kinematical correlations, the trigger efficiencies of the
two muons are independent, and furthermore that the kinematical correlations
are sufficiently described by the one dimensional binning in pr. A closure test of
the method is done as follows: Simulated D° — K7t [pt 7] 0/, candidates are
used to test the tag and probe method by creating a reference histogram with the
single muon trigger efficiency as function of py (similar to what is done in data in
. In a second step, the ratio of LO trigger efficiencies is determined from
this histogram by using [Equation 5.3 The difference of the relative efficiencies
obtained by the tag and probe method is compared with the fully simulated

trigger output (a.k.a. truth-level information) for each dimuon-mass region and
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Figure 5.10: (Left) Ratio of LOMuon efficiencies for D° — wfa~pu*pu~ over D° —
K~ 7mtu*p~ decays as a function of the numerator dimuon mass, as deter-
mined on simulation using (black) truth-level information and (cyan) the
tag and probe method calibrated on simulated D® — K—7tut ™ decays.
(Right) Differences observed for the two methods for the two signal chan-
nels and in each dimuon-mass bin. The blue lines represent the assigned
systematic uncertainty (modified from [5]).

both signal decays as shown in [Figure 5.10l The RMS of the observed differences
of 1.3% is propagated as common systematic uncertainty for all.

Finally, the level of agreement between simulated and data distributions are
tested by comparing the normalised and background subtractedﬂ data BDT
responses of D — ntn~ [pt ], and D° — K- ot [utp™],0., decays with the
distributions as obtained in simulations . As the BDT is trained
using several kinematical and topological variables (cf. , the BDT
selection efficiency is expected to be a good proxy for the general agreement of
data and simulated distributions. Small deviations can be seen especially in the
region of high-BDT values, so that the absolute efficiency for the cut of BDT > 0.4
determined in data and simulations differs by ~ 4.4%. However, comparing the
ratio of efficiencies egpr(D° — 7tn~ [t u]y)/eppr(D® — K ot |[utp]0.)
only a difference of 1.3% is observed. This value is cross-checked using high-yield
samples of D° — 7t7n~[ntn7], and D° — K 7t[ntn],0.,. A similar level
of disagreement of 1.4% is found. The difference of 1.3% is taken as absolute

uncertainty on the ratio of efficiencies due to potential simulation-data differences,

3Throughout this thesis, background subtracted refers to the sPlot technique [187]. The sPlot
technique allows to subtract background contributions on a statistical basis using candidate
weights which are computed on an event-by-event basis from the PDF and covariance matrix
of a fit to a discriminating variable, in which the signal and backgrounds can be distinguished
(the D° meson mass distribution in this thesis).
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Figure 5.11: Distribution of the BDT output for (black) simulated and (red) background-
subtracted DY — K~xt[utp~] 0, (left) and D® — 7ta~[uFpu~], (right)
data [5].

propagated to all dimuon-mass regions and both signal decay channels.
In conclusion, the following systematic uncertainties on the ratio of signal-to-

normalisation efficiencies are considered:

1.0% due to the fit model used to determine the simulation yields;

3.4% relative uncertainty due to the assumed dimuon- and dihadron-mass

models;

0.8% for the PID efficiency, as resulting from the variation of the defined

binning schemes;

1.3% on the LO trigger efficiency, as resulting from the consistency check of

the tag and probe method on simulated candidates;

1.3% on the BDT efficiency for the observed data-simulation differences.

The total systematic uncertainty is the sum in quadrature of the individual
contributions, which is assigned to both signal decays and for each dimuon-
mass region. The final ratio of efficiencies, with total statistical and systematic
relative uncertainties, are summarised in The statistical and systematic
uncertainties on the ratio of efficiencies are added in quadrature and are entirely

propagated to the systematic uncertainty of the branching fraction measurement.
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5 First observation and branching fraction measurement

Channel m(put ) R, AR}ZE stat %syst A}}i ot
[MeV/e? | %] %] %]

DY - nfn—putu~ <525 0.73 3.6 4.1 5.5
525 — 565 0.84 7.1 4.1 8.2

265 —950 1.08 1.8 4.0 4.4
950 — 1100 1.45 2.3 4.0 4.6
> 1100 1.53 6.6 4.0 7.7

DY 5 KK utu~ <525 0.49 3.0 14 5.3
525 — 565 0.53 5.2 43 6.8
> 565 0.55 2.2 4.3 4.8

Table 5.4: The total relative efficiencies of the signal decays with respect to the nor-
malisation channel in all dimuon-mass bins and their relative statistical,
systematic and total uncertainties [5].

Summary systematic uncertainties

All non-negligible systematic uncertainties are summarised in [Table 5.5 The
dominant systematic for both signal decays and all dimuon-mass regions is the
uncertainty resulting from the limited knowledge of the normalisation mode
branching fraction, which is, as already said, quoted as a separate contribution.
Uncertainties related to the determination of the yields marginally contribute to
the total, while the uncertainty inherited from the determination of the ratio of
efficiencies only plays a role in regions where no significant signal is observed. The

relative uncertainties on the ratio of efficiencies and yields are quadratically added

to % as shown in [Table 5.5|

_ ARylc AR€ ABsyst AB"orm
Channel m(ptp”) Tl;d R B Brorm
[MeV/e?] (%] %] | (%] | [%A]
DY — nta—putu~ < 525 2.9 55 16.2 10.0

925 — 565 2.9 8.2 |87 10.0
265 —950 2.9 4.4 153 10.0
950 — 1100 2.9 4.6 | 5.5 10.0
> 1100 29 7.7 |83 10.0

DY & KK putu~ <525 3.0 53 | 6.1 | 10.0
525 — 565 3.0 68 |74 | 100
> 565 3.0 48 |57 100

Table 5.5: Summary of the systematic uncertainties on the branching fraction for both
signal decay channels and in each dimuon-mass region. The uncertainties on
the ratio of efficiencies and ratio of yields are quadratically added to %,
while the uncertainty on the normalisation mode branching fraction is kept
separate (modified from [5]).
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5.6 Determination of the (partial) branching fractions and limit setting

5.6 Determination of the (partial) branching

fractions and limit setting

The measured yields of signal and normalisation mode as determined in
and the ratio of efficiencies R, as described in [section 5.4 are translated into
partial branching fractions in each dimuon-mass region ¢ according to the following

equation:

g = NiD? = hthmt ) BID® = Kot o)
" N(DY = K—mtptp~) R, (D° — hth—ptp)

where the normalisation mode branching fraction is taken from the Ref. [119]. The
measured branching fractions are summarised in [Table 5.6] Note that
reports measured branching fractions for all dimuon-mass regions, i.e. also the
regions with no significant signals, as they are needed to compute the total
branching fractions, which is the sum of the partial ones. As a reminder, no
significant signals are observed in the region of dimuon mass containing the 7
resonance (525 — 565 MeV/c?) of both signal decays, as well as the high dimuon-
mass region for D° — 7ta~uTp~. For D° — KTK-u*pu~, the two observed
candidates in the 7 region of dimuon mass are treated as signal with a relative
statistical uncertainty of 100% as no fit can be performed. Upper limits on the
branching fractions are determined in these regions with a frequentist approach.

More specifically, the C'Ly method [188] as implemented in the RooStats
Project [189] is used. As test statistic, the negative logarithm of the likelihood

ratio is chosen, defined as

Ls+b
q=—2In L, (5.4)

Channel m(ptp~) B Agtat Asys Aporm
[MeV/c?] [1078] [107%] [1078] [107%]

DY - nfn—putu~ <525 7.8 1.9 0.5 0.8
525 —5H65 1.2 0.7 0.1 0.1
565 — 950  40.6 3.3 2.1 4.1
950 — 1100 45.4 2.9 2.5 4.5
> 1100 1.3 0.8 0.1 0.1

D' S KK it <52 26 12 02 03
525 —565 0.8 0.8 0.1 0.1
> 565 12.0 2.3 0.7 1.2

Table 5.6: Measured branching fractions and their uncertainties (modified from [5]).
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Figure 5.12: Example distributions for Q(s+b) and Q(b) under assumption of three
different (increasing from left to right) signal branching fractions. The
black bar shows g.ps as obtained from the fit to the data. The red (blue)
hatched areas correspond to the CL,1y, (1-CLy) as defined in the main
text.

where Ly, and L, are the likelihood functions of the fit under the signal plus
background (s+b) and background-only (b) hypotheses, respectively. Qualitatively,
if the data are better described by the s+b hypothesis, the observed g.s tends
to “smaller” values, but is by itself subject to statistical fluctuations. To get the
distributions of @ under the s+b and b hypotheses, denoted as Q(s+b) and Q(b)
in the following, pseudo-experiments are performed. For a given hypothesis, many
pseudo-data sets are generated and refitted to evaluate [Equation 5.4 Examples
corresponding to three hypothesised signal branching fractions are shown in
. Together with q.s (black line), the red and blue curves show the
resulting Q(s+b) and Q(b) distributions, respectively. From this, one defines the
CLsyp = P(q > qobs|s + b) as probability to measure a ¢ value larger or equal to
Jobs (red hatched area in . One rejects a signal hypothesis, if C'Lgy,
is smaller than a predefined value of for example 5%. To avoid the exclusion of
branching fraction values for which the data has no sensitivity (i.e. when Q(s+b)

and Q(b) are very similar) one defines:

CLs—i—b
L. — — 25t
CL, 1—-CL,

with (1 —CLy) = P(q > qops|). A signal hypothesis is then rejected at (90%)95%
confidence level (CL), if C'Ly < 0.1(0.05). While there is no sensitivity to dis-
tinguish the two hypotheses in the distributions of the test statistics, the C'L;
remains one and no exclusion is made. In the limiting case in which Q(s + b) and

Q(b) are completely separated, C'Lg equals C'Lg,p. The likelihood functions are
derived from the fit model introduced in [chapter 4] Rewriting the signal yield as
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5.6 Determination of the (partial) branching fractions and limit setting

Channel m(utp~)  Expected upper limit [1078]  Observed upper
[MeV/c?] 90% (95%) CL limit [10~¥]
median ~ —1lo +1lo 90% (95%) CL
D' = atm s 525 —565 1.3(1.5) 1.0(1.2) 1.6(2.0) 2.4(2.8)
> 1100  1.6(20) L.I(1.5) 2.3(2.7) 2.8(3.3)
D' 5 KTK ptp~ 525565 - - - 0.7(0.8)

Table 5.7: Expected and observed upper limits (assuming no signal) and their uncer-
tainties for the regions where no significant signal is observed. All systematic
uncertainties are included in the determination [5].

Nsig = Bsig - Nporm - Be/Bnorm allows to write the likelihood as a function of the
data for a given signal branching fraction Bj;,, where the normalisation mode yield,
branching fraction as well as the ratio of efficiencies appear as nuisance parame-
ters, i.e. parameters of the likelihood of no interest for the measurement. In the
computation of gy, they are fixed to their values as determined in and
section 5.4l Their uncertainties are propagated to the limits by considering them
in the computation of the C'L,. The nuisance parameters are fluctuated within
their uncertainties in the generation of the pseudo-experiments when determining
Q(s+b) and Q(b), which are then used to perform the integration.

The C'L, is computed as a function of the hypothesised signal branching fraction
as shown in for the n (left) and high (right) dimuon-mass regions
of DY — = pTu~. All signal branching fractions, where a C'L, < 5%(10%) is
observed, are excluded at a 95%(90%) confidence level. The upper limit is the
smallest branching fraction fulfilling this relation. In addition to the observed
CL; (solid black curve), the expected C'Lg with its one (dark red) and two (light
red) sigma confidence intervals is shown. These are obtained with the help of
pseudo-experiments under the hypothesis that the data are composed of only

background. For each pseudo-experiment, ¢%<"* is calculated as done in data.

pseud

o0 .
ohs  are interpreted

The mean and percentiles of the resulting distribution for ¢
as the expected C'L, with its uncertainty bands. The expected and observed
upper limits are summarised in . As small (but statistically insignificant)
signal contributions with significances of 2.50(1.60) are measured in the 1 (high)
dimuon-mass regions of D° — 7F 7=~ (cf. [pection 5.3), the observed CL
shown in is slightly above the expected C'L; which is computed under
the assumption of no signal.

In the 7 region of D° — K*K~pu*pu~, where only two candidates are observed
in the signal window, no attempt to fit the data is done. A simple conservative

estimation of the upper limits assuming Poisson statistics and that the two
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5 First observation and branching fraction measurement

Figure 5.13: (Dashed) Expected and (solid) observed upper limits as a function of the
hypothesised signal branching fraction under assumption of no signal for
the n (left) and high (right) dimuon-mass of D — 77~ u*u~ regions
where no significant signals are observed. The dark (light) red band shows
the 1(2)o range of the expected CLs [5].
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Figure 5.14: Neyman confidence belt showing the upper limit for the n bin of the
D — K+K~utp~ sample as a function of the observed number of events
(modified from )

observed candidates are signal finds limits of 6.6(7.8)-107 at 90%(95%) CL.
The total branching fractions are computed as the sum of the indi-
vidual partial branching fractions (which are reported in [Table 5.6) to
be B(D° — atr~putp~) = (9.64 £0.48 +0.51 £0.97) - 1077 and, analogously,
B(D® - KTK~ptp~) = (1.54+0.27 £ 0.09 + 0.16) - 10~7, where the three listed

uncertainties are statistical, systematic and due to the limited knowledge of the
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5.7 Summary

normalisation mode branching fraction.

To estimate the correlation between the two integrated branching fractions,
the covariance matrix is computed assuming the commonly estimated systematic
uncertainties on the ratio of efficiencies and yields, as well as the uncertainty on
the normalisation mode branching fraction to be fully correlated. The statistical
uncertainties on the simulated samples and data samples are independent. The
correlation between the two integrated branching fractions is estimated to be
0.497. The correlation between the partial branching fraction can be found in

Append DI

5.7 Summary

Using a sample of proton-proton collision data corresponding to 2 fb~" recorded by
the LHCDb experiment in 2012, the following branching fractions of rare four-body
D® — h*h~p*t i~ decays are measured:

B(D° - 7t~ ™) = (9.64 £0.48 £ 0.51 £ 0.97) - 1077,
B(D° - K"K p ™) = (1.54 4 0.27 £ 0.09 £ 0.16) - 107,

where the uncertainties are statistical, systematic and due to the limited knowledge
of the normalisation mode branching fraction. The results correspond to the first
observation of these decays and represent the rarest decays of a charm meson
measured to date. The total branching fractions are in good agreement with the
SM expectation [95] of

B(D® — nta )" ~ 1.3 1075,
B(D° - KK ptp)he ~1.1-107".

The branching fractions are also measured as a function of dimuon mass and sum-
marised in [Table 5.8 For D — 7+~ u*pu~, signals with statistical significances
exceeding 30 are observed in the low, p°/w and ¢ regions of dimuon mass and
the branching fraction is measured in each of these. Upper limits on the signal
branching fraction are set in the 1 and high dimuon-mass regions. Analogously,
for D° — K™K~ u*p~ branching fractions in the low and p°/w regions of dimuon
mass are provided, while an upper limit is set in the n region. The differential
branching fractions as function of the dimuon mass are shown in [Figure 5.15, which

are obtained from the partial branching fractions by dividing by the width of the
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5 First observation and branching fraction measurement
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Figure 5.15: Differential branching fraction as a function of the dimuon mass for (left)
D% — atr~ptu~ and (right) D — KTK-utpu~ decays. The arrows
represent the upper limits at 95% confidence level [3].

corresponding dimuon-mass bin. They confirm the domination of long-distance
contributions in D° — hTh~p*p~ decays. The results have been published in
Physical Review Letters [1] and triggered further theoretical interest in these
decays [120,/190]. Based on the presented measurements, Ref. [120] concludes that
no room to probe beyond SM in the non-resonant regions of D° — h™h=p™pu~
decays is left. This can also be seen in [Figure 5.16] where potential new physics
effects are compared to the long-distance contributions amended by the presented
experimental results. The long-living tails of the resonances are expected to shade
the short-distance physics in the entire dimuon-mass range and the observed signal
yields in the low dimuon-mass regions are estimated to be consistent with coming
from intermediate resonant states.

The promising measured yields in Run 1 data motivate a further investigation
of asymmetries in these decays including data taken during Run 2 as presented in
detail in the next chapter. As already explained in [chapter 1| asymmetries are
caused by the interference between beyond SM and SM dynamics and therefore
expected to be the maximally pronounced in the vicinity of resonances, making
them an ideal tool to search for new physics in rare charm decays which are indeed

dominated by long-distance contributions.
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5.7 Summary

DY — rtrputu~
m(ptp”) [MeV/c?] B £ Agar £ Agyst = Aporm [1077]

< 525 784+19+05£0.8

525 — 565 < 2.4(2.8) at 90% (95%) CL
565 — 950 40.6 £3.3+2.1+4.1

950 — 1100 454+294+254+4.5

> 1100 < 2.8(3.3) at 90% (95%) CL

DY — KTK ptu~

< 525 26+1.2+02+£0.3

525 — 565 < 0.7(0.8) at 90% (95%) CL
> 565 12.0£23+£07+1.2

Table 5.8: Measured partial branching fractions and their uncertainties in the dimuon-
mass regions as defined in the main text for (top) D° — 7#t7~u*p~ and
(bottom) D° — K™K~ p*pu~ decays (modified from )

dB(D 7ttt pr)ldg? [GeV3)

‘ ds(b°->K+k—p+u—)}dq2 [GéV‘Z] ‘

¢ [GeV?]

0.0

0.2 0.4 0.6
¢ [GeV?]

Figure 5.16: Differential branching fraction of (left) D® — #*7~pu*u~ and (right) D° —
K+*K~ptp~ decays, taken from Ref [120]. The blue curve shows the SM
short-distance contributions with uncertainty, while the long-dashed purple
line indicates potential new physics contributions (assuming C§'Y = 1). The
red solid (dashed) red line are show the resonant contributions assuming
a strong phase difference between the intermediate p and ¢ resonances of
6y — 0y =m (8, — 6y = 0). As comparison, also the model developed in

is indicated in green.
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Measurement of CP and
angular asymmetries

This chapter describes the measurement of the CP asymmetry Acp, the muon
forward-backward asymmetry Arp, as well as the angular asymmetry be-
tween the dihadron and dimuon decay planes Asy in DY — nta—ptu~ and
D — K™K~ p*tp~ decays.

6.1 Measurement strategy

In addition to the branching fraction measurements, a very sensitive tool to probe
the SM with rare four-body decays is to perform null tests of the SM via the
measurement of asymmetries. This thesis presents the first measurement of the

CP asymmetry Acp and the angular asymmetries App and Ay, defined as :

[(D° — hth=—ptp=) —T(D° — hth=ptpu™)
ACP =0 — N\ (61)
T(D° — hth- o )+ T(D° = hth—pt o)
4 I'(D— hth~ptp=;cos6, >0) —T(D — hth~ptp;cosd, <0)
FB = (D — hth~ptu—;cosf, > 0) + (D — hth~ptpu—;cosb, <0)’
4 (D — hth ptp;sin2¢ > 0) —T'(D — hTh~p"p™;sin2¢ < 0)
27 T(D — hth-ptp;sin2¢ > 0) + I(D — hth-ptpu—;sin 2¢ < 0)

As the flavour of the D° meson is inferred from the charge of the 7 in the
decay chain D** — D1}, two additional nuisance asymmetries could be present
and need to be considered when C'P asymmetries are measured. Even though
cc are produced in pairs in pp collisions, due to the valence quark content of
protons (only quarks and no anti quarks), the production cross sections ¢ for
D*t and D*~ mesons might not be equal. This leads to a production asymmetry
denoted as Ap(D*") = [0(D*t) — o(D*7)]/[o(D*") + o(D*7)] in the following.
Furthermore, the efficiencies to detect positively or negatively charged pions,
e(mt) and e(n™), are different. This is mainly caused by the asymmetric material

interaction of positive and negative particles with the detector material, as well as
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6 Measurement of CP and angular asymmetries

m(utp~) [MeV/c? |
Decay mode low mass n 0w 10) high mass
DY 5 K¥K-ptp~ | <525 | 525-565 > 565 NA NA
D — mtrptus < 525 | 525-565 | 565-780 780-950 | 950-1020 1020-1100 | > 1100

Table 6.1: Definition of the dimuon-mass regions used in the analysis. The regions that
are not kinematically allowed are indicated with the acronym NA; those
where no significant signal has been previously observed with NS [6].

tracking asymmetries, in the following together referred to as detection asymmetry
Ag(r) = [e(nt) —e(n7)]/[e(mT) + e(m™)]. Instead of measuring decays rates as
indicated in [Equation 6.1 experimentally, it is more convenient to determine the
asymmetries in the measured yields N. While for Arp and A,, it is sufficient to
measure the yields split by cos, and sin 2¢ (see for the definition of
the angles) greater or less than zero, respectively, Ap and A, lead to the presence
of artificial asymmetries when measuring Acp. The measured, uncorrected “raw”
asymmetry can be expanded as linear sum of the involved asymmetries as long as

the individual asymmetries are small [129] :

v gy _ VD™ = D= fim*] = N[D*™ — D°(= f)n~]

o (f) = N[D*+ — DO(— f)r+] + N[D*~ — DY(— f)r~]
~ Ace(f) + Aa(m™) + Ap(D™),

As the final states f = 7tn puTp~, KT K~ putpu~ are symmetric under C'P transfor-
mations, no further detection asymmtries are expected. To get access to the under-
lying CP asymmetry, a suitable control channel which is subject to the same pro-
duction and detection asymmetry can be used. In this analysis, the nuisance asym-
metries are constrained using high-statistics samples of D** — DY%(— KTK~)r}
decays. Knowing the CP asymmetry of the control channel from an independent

measurement of Ref. [191], the CP asymmetry is obtained by subtractionﬂ:
Acp(RTh™p ™) = AGp (R h™ ™) — AGP(KTK) + Acp (KK ™)

As the nuisance asymmetries depend on the kinematics of the D** meson and the
tagging pion, a kinematic equalisation of signal and calibration channels needs to
be performed to assure a precise cancellation.

All asymmetries are measured on the full dimuon-mass integrated sample of
D — atn~putpu~ and D° — KT K~ ptp~ decays, but also in regions of dimuon
mass. As explained in [chapter 1] some of the asymmetries may be greatly enhanced

!The same detection and production asymmetries are assumed in the control channel, i.e.
Ag‘};"(K*K*) = ACP(K+K7) + Ad(ﬂ'Jr) + AP(D*Jr)
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6.2 Selection optimisation

by the interference between the short-distance and long-distance amplitudes. The
definition of these regions can be found in and is guided by the scheme
introduced for the branching fraction measurement, with the difference that the
regions around the ¢ and p"/w regions are split in two at the resonance pole mass.
As the strong phase of a resonance varies across the pole, this choice may enhance
the sensitivity to C'P asymmetries that might change sign at the pole position,
and would then average to zero when integrated in a region symmetric about
the resonance peak. Besides, the asymmetries are only measured in the regions
of dimuon mass, where a significant signal has been observed in the branching
fraction measurement.

As many different resonant and potentially non-resonant processes contribute
to the decay process, the asymmetries might change as a function of the five-
dimensional phase space. If the total reconstruction and detection efficiency is
not constant across these variables, the asymmetries might be artificially biased.
To allow for a meaningful theoretical interpretation of the results, a correction
for phase-space depended efficiency variations is therefore a crucial part of this
analysis.

The analysis uses approximately 5fb~! of integrated luminosity collected by
LHCDb during the years 2011-2016. As done for the branching fraction measurement,
the measurement of asymmetries has also been performed as a blind analysis.
The blinding strategy was to shift the measured asymmetries by an offset chosen
randomly between [—0.1,0.1], whose value was never shown to the experimen-
talists before the analysis strategy, including the evaluation of the systematic

uncertainties, was fixed.

6.2 Selection optimisation

In addition to the preselection described in [chapter 3| the requirement on the
track ghost probability of the slow pion is tightened (TrackGhostProb < 0.05) to
suppress ghost slow pion background to a negligible level following an optimisation
study in Ref. [192]. Furthermore, as shown in , regions in the phase
space of the tagging pion with very large instrumental asymmetries are identified,
where low momentum pions of one charge are bent out of the detector acceptance
or into the LHC beampipe. Following Ref. [193], the 7 is required to satisfy:
|pz| > a(p. — po), with a = 0.317 and py = 2400 MeV/c. If |p,/p.| < 0.02, also
p1— bip. < |pz| < pa + bap., with p; = 418 MeV/e, py = 497 MeV/¢, by = 0.01397
and by = 0.016015. The effects of these requirements is to get rid of these regions

as shown in [Figure 6.1] (represented by the solid black lines).
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6 Measurement of CP and angular asymmetries

1000 1 <1000 !
3 800 3 800
= 600 S 600
2 400 2 400
2 200 o 2
0
-200

588

i
S
o

1 1
§1000 =y
3 90 3
= 600 3
& 400 g
2 200 o
0
200

000 10000 5000 10000
p,(TY[MeV/c] p,(TY[MeV/c]

Figure 6.1: Raw asymmetry for (top) D° — #fa putp~ and (bottom) D° —
K™K~ p*p~ candidates as a function of the soft pion (ps,p.), (left) before
and (right) after the fiducial cuts (represented by the solid black lines) have
been applied @

The BDT and ProbNNmu selection criteria are optimised to minimise the statistical
uncertainty on the measured asymmetries. The optimisation procedure is carried
out directly on data by performing the asymmetry measurement on candidate
decays that have been assigned a random tag to mimic a null asymmetry (as
expected in the SM). In [Figure 6.2 the statistical uncertainties on the fitted
asymmetries are shown. The set of cuts for which this uncertainty is minimal
is chosen. Small differences in the MVA and PID performance between Run 1
and Run 2 are observed. For this reason, the optimisation is done separately for
both data taking periods and signal decay modes. For D° — 7#*7~ "~ decays,
optimal (ProbNNmu;BDT) requirements of (0.3;-0.2) and (0.5;-0.2) for data taken
during Run 1 and Run 2, respectively, is found. Accordingly, the requirements
(0.2;-0.6) is found to be optimal for D° — KT K~p*pu~ decays (both data taking
periods).
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6.3 Correction for phase-space dependent efficiencies
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Figure 6.2: Scan of the uncertainty on the measured asymmetry on a randomly tagged
sample in the two dimensional space of minimum BDT and ProbNNmu
requirements for (top) D — KTK~u*p~ and (bottom) D — 7nt7—putp~
decays and for (left) Run 1 and (right) Run 2 data. The white crosses
represent the chosen/optimal selection requirements @

6.3 Correction for phase-space dependent

efficiencies

Different physical processes contribute to D° — h*h~p* = decays, which populate
distinct regions in phase space. If the reconstruction and selection efficiency is not
constant across the phase space, their relative contributions will be artificially
changed. If, furthermore, the physical asymmetry is depending on the position
in phase space, a bias on the measured asymmetries can be introduced. To
allow for a clear interpretation of the measured quantities, a correction for these
effects is needed. The phase space of a four body final state requires a five-
dimensional description. Together with the dihadron (m(h*h™)) and dimuon
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6 Measurement of CP and angular asymmetries
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Figure 6.3: Output distributions of the BDT reweighter for simulated samples of (left)
D? — 7tr=ptp~ and (right) D° — K+ K~ utp~ decays at (closed black)
generator level and (open red) after selection. The bottom panels show the
ratio between generated and selected decays (i.e. the inverse of the efficiency)
as a function the reweighter output [2].

(m(ut ™)) masses, the following three angular variables (as defined in |chapter 1)
are used to model the efficiency across the phase space: sin 2¢, cos,, and cos 0y,.

The multidimensional efficiency correction [194] is done using MVA techniques.
More specifically, a BDT with gradient boosting [179-181] is trained on two
simulated samples of the same decay, one containing generator-level and the other
fully reconstructed/selected quantities, where any observed difference is caused by
distortions due to selection requirements. The BD'T combines the multidimensional
differences of the input variables of the training samples into a single value, the
classifier output, hereafter denoted as reweighter output. However, instead of
discriminating signal and background, the reweighter output is used to correct for
the differences, taking also the correlations of the input variables into account.
The assumption is that an equalisation of the reweighter output distributions for
generator-level simulations (BDT#®®) and fully selected simulated candidates (BDTS®)
simultaneously leads to an equalisation of the input variables. Therefore, from
the ratio of the reweighter output distributions BDT#® and BDT*®, per-candidate

weights w, corresponding to the inverse of the per-candidate efficiency (in arbitrary
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6.3 Correction for phase-space dependent efficiencies
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Figure 6.4: Efficiency variation as a function of the phase-space variables, separately
for simulated (top) D° — at7~ptp~ and (bottom) D° — K+K—putpu~
decays [6].

units) are derived:

1 BDT*! (output) \ '
w(output) = = ( (output) ) :

¢(output) BDT#*" (output)

such that the weighted BDT*®' distribution matches BDT#". Hence, also the weighted
input variables of the fully reconstructed samples are expected to match their
generator level counterparts, which is equivalent to an efficiency correction. Note
that in contrast to the branching fraction measurement, the absolute efficiency
does not play any role. Only the variation of the efficiency across the phase space
has to be corrected for.

The reweighter BDT is trained using m(h*h™), m(u*p~), | cosf,| and | cos 6|
as input variables because the efficiency variations observed in cos6,, and cos 0},
are found to be symmetric around zero, while the efficiency in sin 2¢ appears
to be constant (and independent of the other variables). The reweighter output
distributions for generator-level and fully reconstructed /selected simulated samples
are shown in [Figure 6.3] together with the weights as functions of the output value
for both channels. The efficiency variation of the input variables can be found
in [Figure 6.4, The method is validated in an independent sample of simulated,
reconstructed and selected decays. The reweighter BDT is applied to the sample
and its candidate-by-candidate output value is used to determine the weights.
These in turn are used to reweight the input variables and compare them to
generator level quantities. A decent agreement can be seen in [Figure 6.5, The
small deviations at high dimuon and dihadron masses are expected to be caused

by limited statistics of the training samples. However, the available statistics
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Figure 6.5: Phase-space distribution of simulated D° — K+ K~ u*pu~ decays at (closed
black) generator level and (open red) after selection and efficiency correction.
The bottom panel of each plot shows the ratio between the two distributions
[6]-

in simulations is still exceeding the data statistics by at least two orders of
magnitude and the effect of limited training statistics has been found to be
negligible compared to systematic uncertainties caused by potential simulation-
data differences (details in . Not only the one dimensional projections
are tested, also all possible two-dimensional representations have been checked in
[Appendix F] Indeed, it can be concluded that the weighting s equivalent to an
efficiency corrections. Similarly, the reweighter BDT is applied to the signal data
and weights are computed accordingly. In the following, the data are weighted
(i.e. efficiency-corrected), unless stated otherwise.

For a weighted data set containing N candidates, the yield after weighting is
computed as N, = >, w;, with w; the candidate weights. The uncertainty AN,
is given by AN, = />, w?. It can be shown that weighting data distributions
with non-uniform weights effectively leads to a loss of statistical power. Therefore,

it is convenient to rescale the weighted yield N, of a data set by the factor

N N
wesr = Y. w;/ > w}, such that the effective statistics N,sy, computed as [195] :
i=1 =1

Negp =
with Nesp < N, corresponds to the statistical power of an unweighed sample

containing N.ss candidates. In the limit of equally distributed weights, Nesr = N.

The comparison of the original and effective yields of the data sets used in
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6.4 Correction for nuisance charge asymmetries

Channel Norigiﬂal Wi 2 wz2 Neffective ]]\\ZTCH?CFin
DY — 2858 2921 3446 2476 0.87

D - K+K-ptp~ 400 411 491 344 0.86

Table 6.2: Weighting statistics computed on the data samples after correcting for the
efficiency variation across phase space [6].

this analysis are listed in [Table 6.2 To summarise, due to the weighting, the
statistical power of the DY — 7t7~putu~ (D° — KT K~ pu*p~) sample is reduced
by approximately 13%(14%).

6.4 Correction for nuisance charge asymmetries

Production and detection asymmetries are determined using high-yield samples of
D*t — D°(— KT K~ )r" decays for which the C'P asymmetry has been precisely
measured at LHCD to be Acp(KTK~) = (—0.06 £ 0.18)% [191], such that the

combined detection and production asymmetry can be determined as:
Aa(m) + Ap(D™) = AGp(KTK™) — Acp(KTK ™),

As the production and detection asymmetries depend on the kinematics of the D**
and 71, candidates, the control sample is selected with the same requirements as
the signal samples whenever possible. However, the different particle contents of
the final states do not allow for exactly the same selection, which is reflected in
residual differences in the D** and 7 kinematics. A kinematic equalisation is done
as follows: The raw asymmetry of the control channel AEY(K+K ™) is evaluated
in regions of transverse and longitudinal momenta of the D** meson through
unbinned maximum likelihood fits to the D° mass distribution of candidates split
by the charge of the tagging pion. As detector effects might have been altered
depending on the run conditions, a correction is calculated individually for each
data taking period and later combined into a single value according to their relative
fractions. Subsets of ~ 3M D° — KK~ decays have been randomly selected
from the total available samples for each period. The two dimensional asymmetry
distributions, separately for data taken during Run 1 and Run 2, are shown in
[Figure 6.6l Using simulated signal candidates as proxy for the D** kinematics,
the correction is obtained by integrating the D** kinematics of the signal decays
over the two dimensional asymmetry distributions. Due to the high kinematical
correlation between the D*T and the 7} mesons, a kinematical equalisation in the

D** kinematics sufficiently accounts also for the differences in the 7} kinematics.
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6 Measurement of CP and angular asymmetries
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Figure 6.6: Raw asymmetry of the D® — K™K~ decays in bins of py(D*) and pz(D*)
for Runl (left) and Run 2 (right) data (modified from [6]).

This can be seen in [Figure 6.7, where the transverse and longitudinal momenta
of the 7 of simulated candidates are compared to the distributions as obtained
from the background subtracted control sample, after reweighting the (pz;pz) of
the D** candidates to match the simulated spectra, using the binning scheme
defined for the integration. The effect of an imperfect matching of the kinematic
distributions is discussed in [section 6.6 However, as shown in [Table 6.3 the
difference of the raw asymmetries of the control channel considering or neglecting
the kinematical matching is very small anyhow. Furthermore, due to the very
similar kinematics of the D° — 777~ T~ and D° — KT K~ ptp~ signal decays,

a common correction to Acp(D® — hh=puu~) of
Ag(7*) + Ap(D*) = (—0.66 £ 0.19)%

is found, averaged on both data taking periods by the observed proportions of
D® — hth~p*p~ signal yields. The uncertainty on the correction is completely
dominated by the uncertainty on Acp(K ™K ™) and is negligible with respect to the

precision of a few percent expected on the Acp (D° — h*h~p* ™) measurement.
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6.4 Correction for nuisance charge asymmetries

Data A (K K) 4]
unweighted  kinematics matched to kinematics matched to
value DY — rrrputu~ DY — KtK—ptu~
Run 1 —0.67 = 0.06 —0.75+£0.07 —0.75 £ 0.07
Run 2 —0.51 +0.06 —0.68 +0.11 —0.68 +0.11
Combined - —0.72 + 0.06 —0.72 + 0.06

Table 6.3: The raw asymmetries measured in the control channel D? — K+t K~ with
and without considering the differences in D** kinematics with respect to the
signal decays [6]. To compute the correction for the production and detection
asymmetries, these values have to be corrected by Acp(KTK ™).
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Runl FY— Run2
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Figure 6.7: Distributions of the 7} longitudinal and transverse momenta for simulated
signal DY — 77~ ut ™ decays, weighted and unweigthed DY — K+ K~
decays. Run 1 and Run 2 samples are shown separately. Effects of residual
differences are considered as sources of systematic uncertainties in
(modified from [6]).
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6 Measurement of CP and angular asymmetries

6.5 Determination of the signal asymmetries

The asymmetries are obtained through unbinned maximum likelihood fits to the
efficiency-corrected D° mass of the finally selected candidates. The fit model
explained in detail in is used. In contrast to the branching fraction
measurement, an additional splitting of the data according to a tag depending
on the asymmetry is needed. For the measurement of Acp, this tag is defined by
the charge of the tag pion, Q(7), while for Arp and Ay it given by cos6, or
sin 2¢ larger or smaller than zero, respectively. The same mass shapes are assumed
for all tag categories and determined independently for each signal decay and
dimuon-mass region. The asymmetry is fitted by means of a simultaneous fit to
both tag categories, where the asymmetries and total yields are treated as shared
parameters. Therefore, for each fit component i (signal, misidentified hadronic
decays and combinatorial background), the yield of the two tag categories (IN;" and
N;7) is expressed in terms of the total yield of that component (N; = N;" + N;7)
and the associated asymmetries as: N~ = N;(1 4 4;)/2.

As examples, the fits on the dimuon-mass integrated samples are shown for
D — ntn~ptp~ and DY — K™K~ pp~ in [Figure 6.8 and [Figure 6.9, The fits
in regions of dimuon mass can be found in [Appendix E| The measured yields are
reported in for both signal channels and all considered dimuon-mass

regions. On the dimuon-mass integrated samples, total signal yields of 1083 4 41

DY — ataputu~ yields

m(utp~) [MeV/c? Nsig Nmistp Neomb
525 90+ 17 233+25 108+ 22
< 565 — 780 326 £23 253424 145+£21
780 — 950 141+14 159+£15 89+14
950 — 1020 244+16 63+13 4349
1020 — 1100 258+14 3349 44+9
full range 1083 =41 827+42 579+ 39
DY — KTK~p*tp~ yields
m(/ﬁ,u_) [MGV/CQ] Nsig Nmistp Neomb
< 9525 32+8 5+13 124420
> 565 7449 39+ 7 48 +8
full range 110+13 494+12 181 +19

Table 6.4: Efficiency-weighted signal and background yields for (top) D® — nta=ptpu~
and (bottom) D — K+ K~ pu*pu~ decays in the dimuon-mass ranges. Notice
that the full range includes the dimuon-mass regions that are not considered
in the analysis, therefore the sum of yields in the dimuon-mass regions are
not expected to match the yields of the full range [6].
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Figure 6.8: Efficiency-corrected distribution of the D° meson mass m(D?) for the full
dimuon-mass range, separately (from left to right) for D and D° mesons,
for cosf), > 0 and cosf, < 0, for sin2¢ > 0 and sin2¢ < 0, for DY —
7wt putp~ with fit projections overlaid .

(110 £ 13) for D° — atr—putu~ (D° — KTK~ptu~) are measured. All signal
(and background) asymmetries can be found in [Table 6.5, On the dimuon-mass

integrated samples, the following signal asymmetries are found:

Acp(D — 7hn ™) = ( 4.9+ 3.8)%,

App(D® = 7nta~putp™) = ( 3.3£3.71)%,

Agg(D° — ata pt ™) = (0.6 £ 3.7)%,
Acp(D® — KK ptp™) = (0+£11)%,
App(D® - KY K pp™) = (0£11)%,
Agy(D* — K"K ptp™) = (9 £ 11)%,

where the uncertainties are purely based on statistics. All measured asymme-
tries are compatible with zero within their statistical uncertainties. Systematic
uncertainties are discussed in the following section.

Using pseudo-experiments, the fitter has been validated and does not introduce
any bias and correctly estimates the uncertainties on the asymmetries as shown
in Signal and background asymmetries in the range of [—0.2,0.2]

are tested. The efficiency correction is mimicked by sampling weights from the
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6 Measurement of CP and angular asymmetries

G A S B TN L L A B G T — T ]
% 35FLHCDb + Daa E % 0 LHCb o Daa E % 30FLHCb o Daa
30 _ b o r -
s Fit 1 s Fit 1 s 250 Fit B
] E r 20> ]
0 og \ ST n cos D KKt [Te} E sin2¢>0 ' NS
g 20 Mo -kwmrr ] g 20 | ENSSe g 20? .D”AK‘KVTITE
% - Comb. backg. ; % 15 - Comb. backg. E % ]_5;, --- Comb. backg. ,;
S 9 S F
ko] S 10 5 10f B
8 8 8
O O 5 O 5
of 0

m(K* K™ 1) [MeV/c?
S b . T %
3 3 ;L HCb — Daa 13
= = =
0 Nt kK | 0 0 )
g | NS g Woe-«kmr ] g F Po ok rrrré
B e combbackg. 1 @ O —combbackg {1 f 150 -+ Comb. backg. ]
B B | i i
° o S I 1
=] =] 5 10p + ]
T T g ]
O O O 5 " 3
- AN | 0 ] 0 b \
1850 1900 1850 1900 1850 1900
m(K* K™ 1) [MeV/c? m(K* K™ 1) [MeV/c? m(K* K™t 1) [MeV/c?

Figure 6.9: Efficiency-corrected distribution of the D meson mass m(D°) for the full
dimuon-mass range, separately (from left to right) for D and D° mesons,
for cos, > 0 and cosf, < 0, for sin2¢ > 0 and sin2¢ < 0, for DY —
K~ K*ptp~ with fit projections overlaid [4].

signal weight distributions as obtained from data.

6.6 Systematic uncertainties

The following sources of systematic uncertainties affecting the measurements of

the asymmetries are investigated:

« uncertainties related to the fit procedure, i.e. assumed mass shapes;
o uncertainties due to detection and production effects;

» uncertainties caused by neglected background.

Not all the measured asymmetries are subject to the same sources of systematic
uncertainties. For instance, Acp and Appg require the knowledge of the D° flavour,
hence are sensitive to possible flavour mistags. However, this has no effect on
Agy. In the following, a detailed discussion of all systematic uncertainties is given,

specifying also explicitly which asymmetries are affected or not.
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6.6 Systematic uncertainties

DY -t

Asymmetry  m(ptpu) Asig AisID Acomb
[MeV/c?]

AEY < 525 0.158 £ 0.200 —-0.027 £0.105 —0.356 4 0.192
565 — 780 —0.135£0.071 —0.092£0.094 —0.04240.146
780 — 950 0.161 £0.100 —0.089 £0.095 —0.087 & 0.164
950 — 1020 0.068 +0.065 —0.281 £0.206 —0.227 4 0.202
1020 — 1100 0.092 £0.055 —0.319 £ 0.288 0.087 £ 0.218
full range 0.042 £ 0.038 —0.083 £0.052 —0.113 £ 0.068

Acp < 525 0.165 £ 0.200
565 — 780 —0.129 £0.071
780 — 950 0.167 4 0.100
950 — 1020 0.075 £ 0.065
1020 — 1100 0.099 4+ 0.055
full range 0.049 £ 0.038

Arp < 525 0.016 = 0.197 —0.006 £ 0.106 0.077 £+ 0.209
565 — 780 0.081 £0.071 —-0.231+£0.092 —0.2214+0.144
780 — 950 0.0724+£0.100 —-0.270 £0.097 0.167 £ 0.161
950 — 1020 0.031 £0.065 —0.3814+£0.209 —0.062+0.211
1020 — 1100 0.009 £0.056 —0.125£0.268 0.012 £ 0.219
full range 0.033 £ 0.037 —0.153 £0.052 —0.035 4 0.069

Az < 525 —0.282 +£0.200 —0.051 £0.107 0.055 £ 0.208
565 — 780 0.074 £ 0.071 0.016 £0.094 —0.232 +0.143
780 — 950 —0.139 £ 0.100 0.001 £0.096 —0.090£0.163
950 — 1020 0.0124+0.064 —0.411+0.224 0.244 4+ 0.202
1020 — 1100 0.014 £0.055 —0.003 £ 0.267 0.102 £ 0.218
full range —0.006 £0.037 —0.048 £0.052 —0.031 £ 0.069

DY — KTK-ptu~

Asymmetry m(putp) Asig AnisiD Acomb
[MeV/c?]

ABY < 525 —0.155 £ 0.259 0.000 £ 0.000 0.128 £ 0.115
> 565 0.111 £0.116 —-0.066 £0.174 —0.093 +0.172
full range —0.004 £0.113 —0.364 £+ 0.239 0.123 £ 0.103

Acp < 525 —0.148 £ 0.259
> 565 0.118 £ 0.116
full range 0.003 £0.113

Arp < 525 0.006 £ 0.259 0.000 £ 0.000 0.042 +0.111
> 565 —0.059 £0.117 0.003 £ 0.175 0.298 + 0.167
full range —0.003 £0.113 —-0.107 £0.224 0.096 £ 0.105

Azg < 525 0.172 4 0.259 0.000 £0.000 —0.046 &£0.112
> 565 0.038 £0.116 0.095£0.175 —0.3414+0.173
full range 0.089 +0.113 0.210+£0.223 —0.137+0.106

Table 6.5: Signal and background asymmetries for (top) D° — 7+ 7~ p* = and (bottom)
DY — K*K~putpu~ decays in the dimuon-mass ranges. Notice that the full
range includes the dimuon-mass regions that are not considered in the analysis.
As the fitter is not sensitive to the misID yield in the low dimuon-mass region
for DY — KTK~ptp~ due to the very low statistics, Anigp is fixed to
zero [6].
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6 Measurement of CP and angular asymmetries

Mass model used in the fit

The asymmetries are measured through fits to the D° mass distributions. The
fit model used in is used, where the shape parameters are fixed in
simulated and data control/sideband samples. All asymmetries are affected by
the uncertainty related to the fit model. As done for the branching fraction
measurement, the effect of the particular choice of the mass shapes is evaluated
by identifying a set of alternative shapes (cf. . Pseudo-experiments are
used to quantify the effects as follows: The alternative models (and the default
one as reference) are used to generate pseudo-data, which are then fitted by the
default model, assuming vanishing as well as non-zero asymmetries in the range
[—0.2,0.2]. In all cases, no dependency on the generated asymmetries is observed.
The RMS of the distributions of the differences of the asymmetry measured by
the default and the alternative models (assuming zero asymmetries) is then taken
as systematic uncertainty. The study is done for each dimuon mass to account

for the observed signal over background levels by generating the yields for each

component as obtained in [section 6.5| (cf. [Table 6.4)).

To test the uncertainty related to the signal mass shape, in total 10 alternative
signal shapes are tested. To get a decent variation, the signal mass shape is
determined in five different regions of dimuon mass, while the default model
is determined on the total sample. As the resolution varies across the dimuon-
mass range, alternatives with respect to the default are tested. In addition, the
study is repeated by allowing for a multiplicative scale factor that can adjust
the width of the distribution. As example, the alternative signal shapes for
D® — 77~ T~ can be found in (left), together with the distribution
of the differences of the fitted asymmetries. A RMS of 0.2% for the dimuon-mass
integrated D — 77~ ut pu~ samples is found and taken as systematic uncertainty.
Analogously, a value of 0.4% is found for D° — K+*K~u*u~ candidates. The
separate results as found in all dimuon-mass regions can be found in [Table 6.6|
As the effect of the signal mass shape on the measured asymmetry is negligible
compared to the statistical precision of the measurement, no scale factors have
been allowed for in the signal mass fits.

The uncertainty coming from the determination of the misidentified
D° — hth~nt7~ shape is evaluated by varying the muon PID requirements
and the assumed combinatorial background shape as described in more detail for
the branching fraction measurement in [section 5.5 In addition, an alternative
control sample with different preselection requirements (but lower statistics) has

been identified and used to determine the mass shapes. A total of 18 alternative
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6.6 Systematic uncertainties
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Figure 6.10: (Top) Tested D%mass shapes for D® — 77~ u*u~ (left) signal, (center)
misidentified hadronic decays and (right) combinatorial background. (Bot-
tom) Distribution of the difference between the asymmetry measured by
the default model and the asymmetry measured by the alternative models
in a set pseudo-experiments with zero generated asymmetry. Shown is the
study for the dimuon-mass integrated sample (modified from [6]).

models are tested, whose graphical illustration are shown in (middle).
The observed RMS for each dimuon-mass region can be found in for
both signal decay modes. On the integrated samples, variations of 0.3% (0.4%)
are determined for D — 77~ putu™ (D° — KT K—putp™).

Similar as it has been done for the branching fraction measurement, the effect
of the requirement of the BDT and Am sideband on the description of the combi-
natorial background mass shape is determined by varying the Am requirement,
the BDT and muon PID thresholds. In total, 20 different sideband definitions have
been tested. The different PDFs as obtained in the various sidebands are shown in
Figure 6.10| (right) for D° — 777~ u*u~. The uncertainties for all dimuon-mass
regions are listed individually in [Table 6.6 but are negligible with respect to the
uncertainties caused by the other two components.

The total uncertainty assigned due to the fit model is the sum in quadrature
of the three contributions from signal, misidentified and combinatorial back-

ground and found to be 0.4% (0.5%) on the dimoun mass integrated samples
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6 Measurement of CP and angular asymmetries

m(ptp”) DY = mhnptu”

[ MeV/c?] signal Shape misID shape combinatorial shape total

AdGl%) Ay, [% AAGH]  AAGl%

< 525 0.5 0.8 < 0.1 1.0
565 — 780 0.3 0.3 < 0.1 0.4
780 — 950 0.4 0.5 < 0.1 0.6
950 — 1020 0.2 0.3 0.1 0.4
1020 — 1100 0.3 0.4 0.1 0.5
full range 0.2 0.3 < 0.1 0.4
m(pt ) DY — KYK ptp”

[MeV/c?]  signal Shape misID shape combinatorial shape total

Adsig %] AAsig %] AAsig 7] AAsig %]

< 525 0.7 0.6 0.2 0.9

> 565 0.3 0.4 < 0.1 0.5
full range 0.4 0.4 0.1 0.5

Table 6.6: Systematic uncertainties due to the assumed mass shapes for all dimuon-mass
bins of (top) D — 7T7~u*u~ and (bottom) D° — KTK~pu*pu~ [6].

(dimuon-mass binned values are to be found in [Figure 6.10)) of D® — 77— putpu~
(DY — KTK~p ™) decays. These systematic uncertainties correspond to < 10%

of the statistical precision of the measurement.

Detector induced effects

Uncertainties due to detection and production effects include limitations of the
method used to correct for phase-space dependent efficiencies, the finite resolution
on the angular variables and possibly uncertainties coming from an imperfect

cancellation of nuisance asymmetries (affecting only Acp).

Phase-space dependent efficiencies

Per-candidate weights are defined as the inverse efficiencies, as functions of a
reweighter BDT output. The weighting corrects for efficiency variations across the
five dimensional phase space. As the reweighter is trained on simulated samples,
this section investigates the effect of limitations of the simulation to accurately
describe the data. In total, 15 alternative reweighter BDTs have been trained,
neglecting or tightening requirements on quantities that are expected to be not
well described by the simulation, such as PID, trigger efficiencies and particle

multiplicities. In more detail, these alternative requirements are:

e 10 requirement on the hardware and/or software trigger;
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6.6 Systematic uncertainties

m(ptp”) DY — whr

IMeV/e?]  AAcp Adpg Adyy
] [R] [%)]

<525 18 16 19

565 — 780 0.3 0.3 0.4
780 — 950 0.8 0.9 0.4
950 — 1020 0.4 0.2 0.1
1020 — 1100 0.3 0.3 0.2
full range 0.4 0.2 0.3

m(ptp~) D’ — KYK - ptps
[ MGV/C2] AACP AAFB AA%)

o] (%] (%]
<525 35 43 32
> 565 05 37 06

full range 1.3 1.5 0.9

Table 6.7: Systematic uncertainties caused by potential data-simulation differences
impacting the phase-space efficiency correction for all dimuon-mass bins
of (top) D° — 7tr~utp~ and (bottom) D° — KTK~pu*p~ (modified
from [6]).

e no or tighter BDT requirement;
» no/tighter PID requirement on the muons and/or on the hadrons;

o various combinations of the above, including no trigger, BDT and PID re-

quirements at all.

The bias caused by an inaccurate efficiency correction depends on the measured
asymmetries and also on their variations across the phase space. For example, if
one assumes a vanishing or constant asymmetry across all phase-space variables,
no bias can be caused at all. Thus, the data are refitted using the 15 alternative
reweighter BDTs and the measured asymmetries are compared to the default
configuration and the standard deviation of the observed differences is taken
as systematic uncertainty. The study is done individually for all dimuon-mass
regions and on the total sample. To give an example, on the total sample, a
systematic uncertainty of 0.4% (1.3%) is assigned on Acp for D° — 7Fa~putp~
(D° — KTK~pTu™) decays. Results for all asymmetries and dimuon-mass regions
can be found in [Table 6.7 Evaluating the systematic uncertainty by refitting the
data has the risk to include also a statistical component in the observed variations.

However, given the small variations found compared to the statistical precision of
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6 Measurement of CP and angular asymmetries

the measurement (< 14% of the statistical uncertainty), the method is considered

to be sufficiently accurate for the presented analysis.

Asymmetric angular efficiencies and experimental resolution

The reweighter BDT is trained assuming that the efficiency variation as a func-
tion of the angular variable is symmetric with respect to zero, and the absolute
values of cosf, and cos 0, are used. Effectively, this assumption leads to higher
statistics in the training (by a factor of four). The assumption is validated using
simulations where no angular asymmetries are generated. Any measured angular
asymmetry in the simulated candidates is therefore caused by detector effects. The
angular asymmetries are measured to be App = (0.3 +0.4)% ((0.7 + 0.6)%) and
Asy = (01£0.4)% ((—0.1 £0.6)%) for D* — 7 ntputp~ (D° = K- KTptu™)
decays. All asymmetries are consistent with zero, but conservatively their uncer-
tainties are taken as systematic uncertainties on the measured asymmetries Appg
and Agg.

Experimental resolution on the angular variables can also lead to a bias. To
measure App (Asp), the signal data samples are split according to cos ), (sin2¢)
greater or smaller than zero. Candidates that migrate from positive to negative
values (and vice versa) because of resolution effects are mistagged. The mistag

rate f, translates into a bias on the angular asymmetries of:

AA = i Ameasa
1—2f,

where Apeas is the measured asymmetry. The mistag rate in cos§, is determined
in simulation to be 0.4%(0.5%) for D° — =7 utp~ (D° — K~ Kt p™) decays,
leading to a bias on Arp of < 0.1% (< 0.1%). Similarly, a mistag rate of 0.8%(1.4%)
is found in sin 2¢), which translates into a bias of < 0.1% (0.2%) on Ass. These
biases are assigned as systematic uncertainties on the corresponding angular

asymmetries. The same uncertainties are propagated to each dimuon-mass region.

Nuisance charge asymmetries

As explained in [section 6.4] the measured raw asymmetries A{§’ are cor-
rected by production and detection asymmetries using high statistic samples

of D** — D% — K*K™)r} decays. The correction is done in regions of trans-
verse and longitudinal momenta of the D** candidate to cover the different
kinematics of the control and signal samples.

Simulated samples have been used as proxies for the signal channel kinematics.
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Figure 6.11: (Top) Comparison between py(D*) distributions of background-subtracted
(left) D* — 7t 7~ p*p~ and (right) D° — KT K~ u*pu~ candidates with
corresponding simulated candidates and (middle) their ratio. (Bottom)
Distributions of the deviation from the default value of the correction for the
nuisance charge asymmetries when several alternative py(D*) distributions
are used to reweight the control sample kinematics (modified from [6]).

To check effect of potential differences of simulations and data, the background
subtracted pr(D*T) spectra from data are compared to the simulated ones in
separately for data taken in Run 1 and Run 2 and D° — 77~ p*pu~
(left) and D° — K+ K p*u~ (right) signal decays. Their ratios are also shown
in the bottom panels. The agreement is fairly good. However, the effect of small
deviation is evaluated as follows. The correction procedure is re-evaluated 5000
times. In each iteration, an alternative py(D**) distribution is chosen by weighting
the pr(D*") spectrum with weights as obtained from the ratio of simulated
and background subtracted data spectra (by random sampling from the ratio).
In this way, the alternative, reweighted pr(D*T) spectra on average account
for the observed simulation-data differences. The bottom row in
shows the resulting distribution of the differences of the default and alternative
corrections. The largest variations are observed for D — KTK~p = (Run 2),
where relatively large uncertainties on the ratio are driven by the limited statistics
of the data sample. Nevertheless, the sum of mean and width of the distribution

is never larger than 0.4%. Conservatively, this value is combined quadratically
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6 Measurement of CP and angular asymmetries

with the uncertainty on the combined correction for the production and detection
asymmetry of 0.2%. In total, this results in systematic uncertainty of 0.5% which
is assigned to the Acp measurement of both signal decays and each dimuon-mass
region.

As additional cross check, a possible dependency of the correction on the
considered dimuon-mass range is investigated. At first order, the kinematics of
the D** and 7] do not depend on the kinematics of the D° decay products.
However, some selection requirements might indirectly also change the kinematics
of the parent particles. The combined correction for the production and detection
asymmetry is determined for signal candidates in the low and high dimuon-mass
regions independently. In these two regions, the largest (relative) difference in
kinematics of the dimoun pair is expected. Compatible values of (—0.67 £+ 0.19)%
and (—0.65 4+ 0.19)% are found. No additional systematic uncertainty is assigned.

Residual background contaminations

A small fraction of backgrounds from random soft pions and secondary D**
mesons from decays of b-flavoured hadrons has been neglected. The impact of their
presence is evaluated in the following, where effects caused by random soft pions
are affecting the determination of Acp and App (which need flavour tagging)ﬂ,
while secondary D** decays play only a role for Acp.

Generally, also the effect of DY — DY mixing needs to be accounted for as all
asymmetries are meausured integrated over the DY decay time. This means that
App is diluted by D° candidates that have oscillated before they decay. Given the
small charm mixing parameters [12], this effects is completely negligible compared

to other systematic uncertainties.

Random soft pions

The signal yields are determined through fits to the m(D°) distributions, so
random pions are considered as signals in the fit. Their fraction, however, is greatly
suppressed by a very tight requirement on Am (144.5 < Am < 146.5 MeV/c?).
Candidate decays consisting of a real D° and a random soft pion have a random

flavour tag. To evaluate the bias on measured asymmetries Agignal (= Arp, Acp)

raw

signal 18 WIitten as:

that need flavour tagging, the totally measured asymmetry

ng;al = (1 - frandom)Asignal + frandomArandom7 (62)

2Due to the definition of the angles (cf. , cos B, changes sign when transforming
from D to D° (while sin 2¢ stays unchanged), making Arp sensitive to wrong flavour tags.
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The fraction fiangom iS estimated by extrapolating (assuming a flat distribu-
tion in Am) the D° candidates observed in the Am sideband defined as
148 < Am < 158 MeV/c? into the signal region. To profit from higher statis-
tics, the fraction is evaluated on a sample of kinematically very similar
D — K-nt[pt )0, decays subject to the signal selection and determined
to be fEm# — (1.4 4 0.1)%. Compatible, but less precise values are determined
on the signal samples. Using the same sideband definition, the fraction of ran-
dom pion background in the D° — K+ K~ control sample is determined to be

KK =(5.34£0.1)%. The same sideband candidates are furthermore used to esti-

mate the asymmetry A angom to be (0.640.1)%, which is assumed to be independent
of the final state. Terms in proportional t0 frandom Arandom ~ O(107%)
can therefore safely be neglected. Given the uncertainty of 0.18% on Acp(KTK™)
[191], any bias on AZY(KTK ™) ~ O(10™*) is also negligible. For the signal asym-

raw

sanal 15 assigned as

metries, the remaining bias of Ay = frandomAsignal ~ 1.4% - A

systematic uncertainty for both signal decays and all dimuon-mass regions.

Secondary D*" decays

The analysis does also not distinguish D° mesons coming from secondary D**
decays, which arise from decays of intermediate B-hadrons. As secondary mesons
exhibit a different production mechanism, they are also subject to a different
production asymmetry inherited from the production of the parent b-flavoured

hadron. So, the total production asymmetry is a sum:

AP(D*+) = (1 - fsec)Aprim + fsecAsem

with fs. being the fraction of secondary decays, and Apyim and Age. the production
asymmetries of primary and secondary D*' decays, respectively. The production
asymmetry is only relevant for the measurement of Acp, which is corrected by the
value as measured in a control sample of D° — K+*K~ decays. The difference of

the production asymmetries in terms of the secondary fractions in signal (f##)

sec
KK

5 reads as follows:

and control mode (
Ay = Ap(hh i) — Ap(KHE)

= [fao" = faod NAscc = Aprim).

A residual bias A4, remains if the secondary fractions in signal and control

samples are not equal, which is proportional to their difference and (Asec — Aprim)-
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Figure 6.12: Distribution of the logarithm of the IP of DY mesons for background-
subtracted DY — K+ K~ candidates (black data points), with fit projection
overlaid [6]. The PDF describing primary decays is shown in cyan, the one
for secondaries in red. The total PDF is couloured in dark blue.

As explained in [chapter 4] secondary decays can be distinguished from the
primary decays by comparing the IP distributions of the DY mesons, which are
on average larger for secondary decays due to the finite distance the intermediate
B-hadron flies before it decays. The difference of the production asymmetries is
estimated by comparing the measured raw asymmetries in two primary-dominated
and secondary-dominated regions, defined by IP,2(D°) < 25 and IP,2(D") > 25 to
be (Asec — Aprim) = (—0.2 £ 0.2)%. The fraction of secondary decays in the control

sample fEK is determined by a fit to the logarithm of the background subtracted

IP distribution of the D° mesons as shown in to be 3.7%. The PDFs
to describe the distributions are determined using simulated samples. The low
statistics in the signal modes do not allow for a stable fit, so their secondary
fractions are estimated from simulations to be 1.6%(2.5%) for D° — 7 tn~p*p~
(D - KTK~u*p™). Given the marginal resulting bias of 0.1% (< 0.1%) for
D = ntn~ptpu~ (D° — KTK~ptu~) decays, the level of accuracy is considered
sufficient and the estimated bias is taken as systematic uncertainty, which is also

propagated to each dimuon-mass region.

Consistency checks

To identify sources of systematic uncertainties that have not been considered so

far and check internal consistency of the results, several sanity checks have been
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6.6 Systematic uncertainties

Source

DY -ttt
AAcp AApp AAy
A I v )

DY - KtK—putpu~
AAcp AApp AAyy
A I v )

Mass model

Efficiency correction
Angular asymmetries
Angular resolution
Nuisance asymmetries
Secondary D** decays

Random pions background

0.4 0.4 0.4
0.4 0.2 0.3

— 0.4 0.4
- <01 <01
0.5 - -
0.1 - -
0.1 0.1 -

0.5 0.5 0.5
1.3 1.5 0.9

- 0.6 0.6
— <0.1 0.3
0.5 — —
< 0.1 - -
<01 <0.1 -

Total systematic unc.

0.7 0.6 0.6

1.4 1.7 1.3

Table 6.8: Summary of the systematic uncertainties on the dimuon-mass integrated
samples (modified from [6]).

performed by splitting the total data set in disjoint subsamples and measuring the
asymmetries in those. In particular, splittings according to global event variables
are carried out such as number of tracks, number of PVs and event number even
or odd. Furthermore, splittings of detector configurations such as year of data
taking, magnet polarity, and hardware trigger category are considered. Finally,
also dependencies on transverse momentum of the D** and the IP,2 of the D°
candidates are investigated. In all cases the measured asymmetries are consistent

with being uniformly distributed across these splittings.

Summary systematic uncertainties

A summary of all systematic uncertainties is given in (for the dimuon-
mass integrated sample). The total systematic uncertainty of each asymmetry
does not exceed 0.7%(1.4%) for D° — 7ra~ptp~ (D° — KTK - ptu~) decays.
These values only play a very minor role compared to the statistical precision of

3.7%(11%) on the measured asymmetries.
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6 Measurement of CP and angular asymmetries

6.7 Summary

Using a sample of 5fb~! of proton-proton collision data recorded by LHCb during
2011-2016, the C'P asymmetry Acp and angular asymmetries App and Ay, are
measured in rare D° — 7f7r ptp~ and D° — KTK-ptp~ decays. On the

dimuon integrated samples, the following asymmetries are measured:

( 4.9+38+0.7)%,
( 3.3+3.7+0.6)%,
(—0.6 + 3.7+ 0.6)%,
(
(
(

Acp(D° = whrptp

(
App(D° = nta~utp
(

Acp(D* — KK ptp
App(D* — KKt
Agy(D* — KK 't

0+11+1)%,
0411+ 2)%,

7)
7)
Agg(D° — 7t )
7)
)=
=011+ 1)%
where the first uncertainty is statistical and the second systematic. The precision of
the results is completely dominated by the statistical uncertainty. The asymmetries

measured as a function of dimuon mass are shown in[Table 6.9 and [Figure 6.13] All

measured asymmetries are consistent with zero and therefore compatible with SM

predictions. No dependency of the asymmetries on the dimuon mass is observed.
These are the first measurements of asymmetries in rare charm hadron decays. The
results [2] have been published in Physical Review Letters and help to constrain
models of physics beyond the SM, which often predict asymmetries at the percent
level (cf. [chapter 1). At the same time as the results have been shown to a public

DY — ntn—putu~

m(ptp~) [MeV/c? Acp Arpp Agg

< 925 17£20£2 2£20+2 —284+20+£2
565 — 780 —129£71+£07 81£71£07 74+£71+£0.7
780 — 950 17+10+1 7T+10£2 —144+10£2
950 — 1020 756412 3.1+65+£2 1.2+6.44+2
1020 — 1100 99+55+£07 09+56£07 144+£55+£0.6

DY — KTK—ptu~

< 525 —33+26+4 23+26+4 9+26+3
> 565 13£12+1 1+£12+1 22+12+1

Table 6.9: Measured asymmetries for (top) D° — 777~ u*tu~ and (bottom) D° —
K™K~ pu"p~ decays in the dimuon-mass ranges. Notice that the full range
includes the dimuon-mass regions that are not considered in the analysis.
The first uncertainty is statistical, the second systematic [6].
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Figure 6.13: Measured values of (left) Acp, (center) App and (right) Asy for (top)
DY — 7f7~ T~ and (bottom) DY — KK~ ptpu~ decays in the dimuon-
mass ranges. The hatched band corresponds to the integrated measurement.
The uncertainties include both statistical and systematic sources [4].

audience for the first time, Ref. |96] has worked out a systematic analysis of the the
full angular distribution of D® — hTh™ ™~ decays as applied in B-decays [196].
In addition to the asymmetries measured in the scope of this thesis, additional
clean SM null tests can be constructed and motivate further investigations of
these decays, making use of the full statistics of future LHCb data sets to further
constrain the SM.
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This dissertation presents a comprehensive study of rare D° — 7t7~ "~ and
D — KTK~p*p~ decays at LHCb. Rare charm decays are sensitive to contribu-
tions from FCNC ¢ — uf*¢~ transitions and therefore ideal places to search for
physics beyond the SM in processes involving quantum loops in the up-type quark
sector. Due to their high suppression, the branching fractions of these decays had
been below the sensitivity of any previous experiment in the pre-LHCDb era.

A full selection sequence for D° — h™h~pu*p~ decays at LHCD is presented.
Background contaminations from candidates made of randomly associated tracks
are greatly suppressed by selecting DY mesons arising from the decay chain
D*t — DYr*. Further suppression is achieved by using multivariate analysis
techniques and tight requirements on muon particle identification to effectively
reduce background candidates from misidentified hadronic four-body decays. A
fit model is developed to separate the remaining backgrounds and the signal
component on a statistical basis.

Using pp collision data corresponding to 2 fb™! of integrated luminosity recorded
by the LHCb experiment during Run 1 at a center-of-mass energy of 8 TeV, the
first observation of D° — K*K~p*p~ and D° — 777~ utpu~ decays is reported.
To control systematic uncertainties, the branching fractions are measured relative

to the decay mode D° — K~ 7"t 7] 0/, and determined to be:

B(D® — 7t ™) = (9.64 £0.48 £ 0.51 £ 0.97) - 1077,
B(D° - K"K ptp™) = (1.544+0.27+0.09 £0.16) - 107",

These are consistent with SM expectations of long-distance contributions. The
results represent the rarest decays of a charm hadron measured to date.

The unique phenomenology of rare charm decays among the heavy flavoured
systems leads to almost vanishing C'P violating effects and the absence of axial
vector couplings in electroweak decay processes. Asymmetries with vanishing SM
expectations can be constructed which are sensitive to the interference of the SM

dynamics with contributions from new physics. These might significantly modify
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the angular distributions of the final state particles or introduce additional sources
of CPV.

Using an enlarged data set corresponding to 5fb™! of integrated luminosity,
including pp collisions recently recorded during Run 2 at a center-of-mass energy of
13 TeV, the first measurement of the C'P asymmetry Acp, the forward-backward
asymmetry App in the lepton system and the triple-product asymmetry Asy is pre-
sented. The flavour of the D° meson is determined by the charge of the pion in the
decay chain D** — D%7*. Spurious instrumental asymmetries are cancelled with
a data driven approach using high-statistics samples of D** — D%(— KTK~)r ™
decays. Efficiency variations across the five-dimensional phase-space are corrected
using machine learning algorithms to allow for a meaningful theoretical interpre-

tation of the results. The asymmetries are measured to be

Acp(D° — mrn 't p™) = ( 494+38+£0.7)%,
App(D° = ata ptu™) = ( 3.3+3.7+£0.6)%,
Agg(D° — ) = (0.6 + 3.7+ 0.6)%,

Acp(D° = KK pp™) = (0 £ 11+ 1)%,
App(D° - KYK~pp™) = (0 £ 11 4+ 2)%,
Ag(D* - K"K ptp” ) =9+ 11+ 1)%

and confirming SM predictions. The analysis represents the first measurement
of this kind of asymmetries and therefore a novel approach to test the SM in
rare charm decays. The systematic uncertainties on the measured asymmetries
are negligible and also expected to be sub leading for future measurements with
increased data sets.

All observables are also investigated as function of dimuon mass to gain sensi-
tivity to non-SM contributions that might populate distinct regions in the decay
phase space. Regions in dimuon mass are defined to cover intermediate resonances
as well as a high and low dimuon-mass region where the influence of the resonances
is minimal. The results presented in this thesis help to constrain models of physics
beyond the SM which modify FCNC processes of charm hadrons.

In the past decades, most experimental effort was focussed on FCNC processes
in the b-quark system involving b — s¢™ ¢~ transitions, where a consistent pattern
of hints of signs of physics beyond the SM has emerged in the angular distributions
and differential branching fractions. If these effects are really caused by physics
beyond the SM, studies of FCNC processes in the charm system will help to better

understand the origin of the anomalies. Based on the results of this thesis, a full
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angular analysis of rare four-body charm decays as routinely applied in B-decays

appears feasible in the near future at the LHCb experiment.
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Additional material on the
sample selection

This chapter shows additional material concerning the sample selection. [Figure A.1
and show the selection variables used in the training of the BDT for

D — K™K~ pu*p~ signal decays as explained in detail in [section 3.4]
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Figure A.1: Distributions of the BDT input variables for (red) D° — K+K - utpu~
signal and (grey) background events, and separately for (top) Run 1 and
Run 2 (bottom) data. From top-left to bottom-right: log(FDx?), log(DIRA),
max(DOCA), min(IPx?), D? vertex x?, log(IPx?) of the soft pion, momen-
tum of the soft pion [6].
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Figure A.2: Distributions of the BDT input variables for (red) D° — KtK—p*tu~
signal and (grey) background events, and separately for (top) Run 1 and
Run 2 (bottom) data. (Left) Transverse momentum of the soft pion and
(right) D*-cone pr asymmetry @
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Definition of the binning
schemes for PID calibration

This chapter gives details on the binning schemes used for the PID calibration.
shows the default, finer and coarser binning schemes used to evaluate
the PID efficiency in and its associated systematic in See
for details.

track type scheme p[GeV/c?] n

K, 7 default 3.0 :9.3:15.6 : 19.0 : 24.4: 1.5:2.375:3.25:5.125:5.0
29.8 :35.2:40.6 : 46.0 : 51.4:
96.8 :62.2:67.7:73.0:784:
83.8 : 89.2 : 94.6 : 100 .0

fine 30:45:6.0:75:9.0: 1.5:2.6:2.9: 3.2: 3.5:
10.5:12.0:13.0:14.0:15.0 3.8:4.2:5.0
16.0 : 17.0 : 18.0 : 19.0 : 20 :
21.5:23.0:24.5: 26.0 : 27.5 :
29.0 : 30.5:32.0:33.5:35.0:
37.5:40.5 : 42.5 : 44.0 : 50.0:
60.0 : 70.0 : 100 .0

coarse 3.0:80:12.0:18.0:24.0: 1.5:325:5
30.0 : 60.0 : 100.0

m default 3.0: 6.0: 10.0 : 12.0 : 14.5 : 1.5:2375:3.25:4.125: 5.0
14.5:17.5:21.5:27.0 :
32.0 : 40.0 : 60.0 : 70.0 : 100.0

fine 30:45:60:75:9.0: 1.5:2.6: 2.9: 3.2: 3.5:
10.5:12.0:13.0:14.0:15.0 3.8:4.2:5.0
16.0 : 17.0 : 18.0 : 19.0 : 20 :
21.5:23.0:24.5: 26.0 : 27.5 :
29.0 : 30.5: 32.0: 40.0 : 60.0 :
70.0 : 100.0

coarse  3.0:8.0:12.0:18.0:24.0: 1.5:325:5
30.0 : 60.0 : 100.0

Table B.1: Binning schemes used in PIDCalib II .
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Validation of the fitting
procedure

The fitting procedure has been validated using a large number of pseudo-
experiments to check that the fits do not introduce any bias and correctly estimate
the uncertainties on the measured signal yields and asymmetries. The pull distri-
butions are defined as pull = (N, 5{? — N /of" when measuring the branching
fraction and pull = (Al — A%™)/o/it for the asymmetry measurement. stg

sig sig
(A%7) is the signal yield (asymmetry) as determined from the fit and /% the

corresponding fit parameter uncertainty, while N7* (AZ') is the value used in

the generation of the pseudo-data.

Measurement of the branching fraction

For each dimuon-mass region and signal channel, 500 pseudo-data sets are gen-
erated reflecting the data statistics as reported in by sampling from
the signal and background PDFs. The yields for each component are assumed

to follow Poisson distributions. The pull distributions for D* — 77~ = and

DY — KTK~pu"p~ decays are shown in [Figure C.1| and [Figure C.2| respectively.
Results are summarised in [Table C.1I] Unbiased estimates of the signal yields and

their uncertainties are observed.
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Figure C.1: Pull distributions for D° — 7t7~uTpu~ pseudo-experiments generated
according to the signal and background yields as observed in each dimuon-
mass bin.
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Figure C.2: Pull distributions for D° — K+ K~ p*pu~ pseudoe-xperiments generated
according to the signal and background yields as observed in each dimuon-
mass bin.

Measurement of the asymmetries

According to the yields reported in [Table 6.4 700 pseudo-data sets are generated
for each dimuon-mass range and signal channel by sampling from the signal and
background PDFs. A weight which is sampled from the distribution of weights as
observed in data is assigned to mimic the effect of the correction of the efficiency

variation. Furthermore, three (independent) tags are assigned to define the three

measured asymmetries. [Figure C.3| (Figure C.4]) shows the pull distributions for

the DY — nfn~pTpu~ (D° — KT K~ putpu™) toys generated with null asymmetries,
while [Figure C.5| shows the average of the pull distribution as a function of the
generated signal or background asymmetries, with uncertainty corresponding to
the width of the pull distribution. Results are also summarised in [Table C.2] The
fit procedure is found to be stable and unbiased estimates of the asymmetries and

their uncertainties are expected.

DY — ata—putpu~

Nsig m(pp™) Pull mean Pull width
[ MeV/c?]
< 525 0.06 =£0.05 1.05=x0.05
565 — 780 —0.16 £0.05 0.95£0.05
780 — 950 0.06 £0.05 1.03£0.05

950 — 1020 0.05£0.05 1.00=£0.05
1020 — 1100 —0.11£0.05 1.01 £0.05

DY - KTK-ptu~

Nsig m(pp™) Pull mean Pull width
[ MeV/c?]
< 525 —0.14 £0.05 1.03£0.05
> 565 —0.08£0.05 1.04£0.05

Table C.1: Summary of the results reported in |Figure C.ll and |Figure C.2l
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C Validation of the fitting procedure

DY = nfrputu~

Asymmetry m(ptu) Pull mean Pull width
[ MeV/c?]

Acp < 525 —0.08+0.04 0.94£0.02
565 — 780 0.01£+£0.04 0.94+0.03
780 — 950 0.01+£0.04 0.92+0.03

950 — 1020 0.03£0.03 0.99 £0.02
1020 — 1100 —0.054+0.04 1.02£0.03

full range 0.03£0.04 1.02£0.03
Arp < 525 —0.02£0.04 1.02£0.03
565 — 780 0.04£0.04 1.01£0.03
780 — 950 —0.04£0.04 1.04+0.03

950 — 1020 —0.05+0.04 0.98 £0.03
1020 — 1100 —-0.02£0.04 1.04 £0.03

full range 0.02£0.04 1.0040.03
Azg < 525 0.01+£0.04 1.00=+0.04
265 — 780 —0.05+0.04 0.99 +0.04
780 — 950 0.01£0.04 0.99 £0.04

950 — 1020 —0.04+£0.04 1.00+£0.04
1020 — 1100 —0.01 £0.04 1.024+0.04

full range —0.02+£0.04 1.00£0.04
DY — KTK—ptu~

Asymmetry m(utpu™) Pull mean Pull width
[ MeV/c?]

Acp < 525 0.00+£0.04 1.0240.03
> 565 —0.024+0.04 1.06 £ 0.03
full range —-0.01£0.04 1.024£0.03

Arp < 525 0.07+0.04 0.97£0.03
> 565 —0.05£0.04 1.05+0.03
full range —0.06 £0.04 1.08£0.03

Az < 525 —-0.04+£0.04 1.02£0.04
> 565 —0.01 +£0.04 1.00 £ 0.04
full range —0.02+£0.04 097£0.04

Table C.2: Summary of the results reported in |Figure C.3| and |Figure C.4| 6].
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Figure C.3: Pull distributions for D — 7+ 7~ u* = pseudo-experiments generated with
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with null asymmetries and for different dimuon-mass bins [@
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C Validation of the fitting procedure
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DY — KTK~pu"pu~ pseudo-experiments as a function of the generated (top)
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Correlations between the
branching fractions

This chapter reports the correlations coefficients between the measured branching

fractions. [Table D.1| and [Table D.2| report the correlation coefficients between the

various bins for 7t7~ptu~ and KK~ pu*p~ final states, respectively, which are
used when computing the total (integrated) branching fractions. See

for details.

B(D’ — ntrputpu)
[MeV/c* | <525 525-565 565-950 950-1100 > 1100

< 525 1.000 0.512 0.832 0.818  0.558
525-565 1.000 0.587 0.577  0.393
965-950 1.000 0.937  0.639
950-1100 1.000  0.628
> 1100 1.000
< 925 1.000 0.088 0.343 0.366  0.078
925-565 1.000 0.170 0.181 0.039
965-950 1.000 0.706  0.151
950-1100 1.000  0.161
> 1100 1.000

Table D.1: Correlation coefficients between the D° — 77~ %1~ branching fractions in
the different dimuon-mass ranges considered for the (top) systematic-only and
(bottom) total uncertainties. The statistical uncertainties are uncorrelated .
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D Correlations between the branching fractions

B(D’ — KTK—putu™)
[MeV/Z] <525 525565 > 565

< 525 1.000 0.724  0.916
525-565 1.000  0.740
> 565 1.000
<525 1.000 0.027 0.123
925-565 1.000  0.059
> 565 1.000

Table D.2: Correlation coefficients between the D° — K+ K~ %y~ branching fractions
in the different dimuon-mass ranges considered for the (top) systematic-
only and (bottom) total uncertainties. The statistical uncertainties are
uncorrelated [1].
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Additional fits to determine
the signal asymmetries

All fits to the D° mass distributions of D° — K*K~p*p~ and D° — n#ra—ptp~

candidates to determine the asymmetries in bins of dimuon mass are shown in this

chapter. [Figure E.1| [Figure E.2| and |[Figure E.3[show the D° mass distributions of

DY — KK~ pu"u~ candidates split by the 7} charge, cosf and sin 2¢ greater or

less than zero, respectively, with fit projection overlaid. Corresponding distributions

for D° — 7F7~p*p~ candidates can be found in |[Figure E.4] [Figure E.5| and
[Figure E.6, See [section 6.5|for details.
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Figure E.1: Distribution of the DY mass for D° — K~KTpu*pu~ decays, separately
for D° and D and for different dimuon-mass bins, with fit projections
overlaid [6].
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E Additional fits to determine the signal asymmetries
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E Additional fits to determine the signal asymmetries
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E Additional fits to determine the signal asymmetries

Candidates per 5 MeVic Candidates per 5 MeVic Candidates per 5 MeVic

Candidates per 5 MeVic

Figure E.6: Distribution of the D° mass for D — 7~ 7t uTp~ decays, separately for
sin2¢ > 0 and sin2¢ < 0 and for different dimuon-mass bins, with fit
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Additional material on the
efficiency correction

This chapter shows additional material on the phase-space dependent efficiency

correction, whose details are outline in [section 6.3]. [Figure F.1| and |[Figure F.2|

show the efficiency variation as function of two pairs of phase-space variables

for simulated D° — 7#t7~p*p~ and D° — K+ K~ pu*pu~ candidates, respectively.

[Figure F.3| and [Figure F.4| show the phase-space distribution of simulated signal

candidates at generator level (top) and the ratio between the candidates after
selection and efficiency correction and those at genenrator level (bottom), also
separately for D° — 7t7~ptp~ and D° — KK~ ptp~ candidates.
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Figure F.1: Efficiency variation as a function of pairs of phase-space variables for simu-
lated D — 7t7~ptpu~ decays @]
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Figure F.2: Efficiency variation as a function of pairs of phase-space variables for simu-
lated DY — Kt K~ ptpu~ decays @]
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Figure F.3: The top panel of each plot shows the phase-space distribution of simulated
DY — ntn~utp~ decays at generator level. The bottom panel of each
plot shows the ratio between the candidates after selection and efficiency
correction and those at genenrator level @
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Figure F.4: The top panel of each plot shows the phase-space distribution of simulated
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