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Abstract

This thesis presents a measurement of indirect CP asymmetries in the charm system. The indirect CP
violation for the charm-meson system is expected to be small in the Standard Model and has not been
observed experimentally so far. Effects of beyond Standard Model physics phenomena but as well
perturbatively non-calculable processes can manifest themself in a potential non-zero CP violation.
The knowledge of the size of CP violation makes a significant contribution for the understanding of
the Standard Model and has a direct impact on the effective parameters in the charm system.

The LHCb experiment has collected the world largest data samples of charm mesons. The proton-
proton collisions data used in this thesis have been recorded in the first run period in 2011-2012.
They correspond to an integrated luminosity of 3.0 fb~L. The measurement uses the singly Cabibbo-
suppressed D? — K~K* and D® — 7~ 7" decays. The charm mesons exploited in this analysis are
produced in semi-muonic B-meson decays. Thereby, the charge of the created muon determines the
flavour of the charm meson at production time. To perform this measurement, a robust method is
developed that reaches a sensitivity at sub-permille level.

The indirect CP asymmetry manifests itself in the asymmetries of effective lifetimes, Ar, of the DY
and DY decays and is measured for both decays

Ar(K™K™)=(-0.134+0.077 *3:026)9; ,
Ar(r %) =(~0.092+0.145 3-928)% |

where the first uncertainty is statistical and the second systematic. The results are compatible with
previous measurements and with the zero hypothesis of no CP violation. This analysis provides
a significant contribution to the effective description of the charm meson system and to the world
average. The results have been submitted for publication to the Journal of High Energy Physics
(JHEP) [1]I.

Kurzfassung

In dieser Arbeit wird die Messung der indirekter CP-Asymmetrie im Charm-System vorgestellt.
Die indirekte CP-Verletzung im DO-Mesonen System wird im Standardmodell als sehr klein vorher-
gesagt und konnte bislang experimentell nicht nachgewiesen werden. Physik Phdnomene jenseits
des Standardmodells aber auch storungstheoretisch nicht berechenbare Prozesse kénnen dadurch
potenziell nachgewiesen werden. Die Kenntnis der Grofle der CP-Verletzung leistet einen wichtigen
Beitrag fiir das Verstidndnis des Standardmodells und hat einen direkten Einfluss auf die Parameter
der effektiven Beschreibung des Charm-Systems.

Das LHCb-Experiment verfiigt iiber den weltweit grofiten Daten-Satz an Charm-Mesonen, die in
den Proton-Proton-Kollisionen aufgenommen wurden. Der hier verwendete Daten-Satz wurde in
der Periode von 2011-2012 aufgezeichnet und entspricht einer integrierten Luminositét von 3.0 fb~1.
Diese Messung verwendet die einfach Cabibbo-unterdriickten DY~ K"K* und D% — n~ ™" Zerfille.
Das besondere an dieser Analyse ist, dass die analysierten Charm-Mesonen in semi-myonischen
B-Zerfillen erzeugt werden. Hierbei legt die Ladung des dabei entstehendes Myons den Charm-
Meson-Flavour zum Produktionszeitpunkt fest. Um diese Messung durchfithren zu kénnen wurde
eine Methode entwickelt, die eine Sensitivitit von unter 0(1073) erreicht.

Die indirekte CP-Asymmetrie zeigt sich in der Asymmetrie der effektiven Lebensdauern zwischen
DO-und D°-Zerfillen, Ar. Folgende Werte wurden gemessen

Ar(K"K™)=(-0.134+0.077 *3:026)9; ,
Ar(nr~ ") =(-0.092+0.145 *:020)% .

Dabei ist die erste Unsicherheit statistisch und die zweite systematisch. Die Resultate sind kompatibel
mit den vorhergegangenen Messungen und mit der Null-Hypothese, d. h. CP-Erhaltung. Die Messung
leistet einen signifikanten Beitrag zur effektiven Beschreibung des Charm-Systems. Die Resultate
sind bei Journal of High Energy Physics (JHEP) zur Verosffentlichung eingereicht, siehe Ref. [1].
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Introduction

Symmetries have always been of great interest not only in physics, but in mathematics, philosophy
and in many other fields. Symmetries form the basis of modern physics. Based on symmetry
considerations, the Standard Model (SM) of particle physics was developed throughout the past
decades. The SM has been tested in many experiments; many of its predictions have been
discovered afterwards. Recently, the last missing and long searched for particle, the Higgs boson,
was discovered at the Large Hadron Collider by the ATLAS and CMS experiments. The SM, as
we know it today, is able to explain the known fundamental interactions, except gravitation.

However, it is known that the SM is not complete. For example, one of the important ques-
tions, “Why does our universe contain more matter than antimatter?”, remains unsolved. An
important process that is responsible for such an asymmetry is the violation of charge-parity (CP)
symmetry. In the SM, CP asymmetry is introduced through the Cabibbo-Kobayashi-Maskawa
matrix. However, the size introduced by this mechanism is not sufficient to explain the asymmetry
observed in the universe. Cosmological observations show that the universe contains a small
amount of baryonic matter, which is described by the SM, with a density of 4.99%, but it is
dominated by the dark energy (68.5%) and cold dark matter (26.5%), Ref. [2]]. Until now, the
SM can not explain the amount of dark matter in the universe. Additionally, 28 parameters are
required to describe all processes of electroweak and strong interactions. There is, however, no
explanation for the number of free parameters nor of their values. All these shortcomings of the
SM let physicists believe that there must be a more fundamental underlying theory, so-called
New Physics. Therefore, it is important to search for the hints towards such a theory that would
revolutionize our understanding of the universe.

One important system in the Stardard Model is the neutral D® meson system. The D° meson
can mix with its anti-particle D°. The D° mixing, however, is rather small and was just recently
established with a single experiment at LHCb, Ref. [3]l. This small non-zero mixing opens up
the possibility to search for the CP asymmetry that can appear through mixing and interference
with the decay, which manifests in an indirect CP violation. CP violation in the charm system
is predicted to be small in the SM and has not been observed so far. However, non-perturbative
effects or New Physics can have an impact on the observed asymmetries. The objective of this
thesis is to develop a method that can measure indirect CP asymmetry in the D°-meson system
with a precision below G(1073).

The LHCb experiment has recorded the word largest samples of D mesons. The dataset used
for the measurement presented in this thesis was recorded in 2011 and 2012 and corresponds to
an integrated luminosity of 3 fb~1. The two main channels studied in this analysis are D - K~K~*
and D% — 777", Both decays are singly-Cabibbo suppressed (SCS) and correspond to CP-even
final states. The D° mesons exploited in this thesis are produced in the semi-muonic B decays.
The charge of the muons of the B decays, B — D%u*X and B — D°u~ X, respectively, is used to
identify the D° flavour at production time (flavour tagging). This is the first measurement of
indirect CP violation in D®— K~K* and D° — 7~ 7* decays using semileptonic B decays.

This measurement has an impact on the limits of CP observables in the charm sector. It
therefore improves the understanding of the SM and has the potential for a first indirect indication
of New Physics. The results have been submitted by the author of this thesis to JHEP [1], and are
also documented in an internal LHCb Note [4].

The thesis is structured in the following way: In the first part, the basics of the Standard Model
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xii Introduction

and its symmetries are introduced. This is followed by Chapter [2| which describes the LHCb
experiment with all the relevant details of the detector apparatus. Afterwards, in Chapter [3|the
properties of charm meson mixing are explained, and the relevant observables for this thesis are
introduced. Additionally, besides the detector induced asymmetries, the production asymmetries
and flavour tagging induced asymmetries are introduced here. In the second part, starting with
Chapter [6] the method for the extraction of the indirect CP asymmetry is presented. The selection
requirements are explained together with the B candidate reconstruction in Chapter The
results are shown in Chapter [7| and are followed by a detailed determination of systematic
uncertainties in Chapter [8] Finally, the results are summarised in Chapter [9)and the conclusions
are drawn in Chapter



Theory

This chapter summarizes the Standard Model (SM) of particle physics. It gives an overview of all
fundamental particles involved and explains the gauge group SU(3) x SU(2) x U(1). Further, the
interactions are discussed and also the Cabibbo-Kobayashi-Maskawa matrix and the mechanism
which introduces CP violation in the Standard Model is described. This basic introduction is
followed by a more detailed discussion of the theoretical concepts relevant for this thesis in

Chap.

1.1 The Standard Model of particle physics

The Standard Model of particle physics is a theoretical model that describes the electromagnetic,
weak and strong interaction of the fundamental particles. The basis of the SM (see [5] and [6]),
was developed during the second part of the last century. The SM is very successfully describing
and predicting experimental observations and reflects our current best knowledge of particle
physics.

The SM origins from a relativistic quantum field theory, thereby the system can be described
through a Hamilton or Lagrange density. The quanta of the field can be identified as fundamental
particles.They can be split in bosons (integer spin) and fermions (half-integer spin).

All the fundamental fermions of the SM are grouped in two species, namely leptons and quarks
as shown in Tab. The leptons appear in doublets of three generations. That means, for each
lepton (electron, muon or tau), which has a negative charge, a corresponding neutrino, which has
no electric charge, from the same generation exists. The quarks appear in doublets as well. The so
called up-type quarks are u (up), ¢ (charm) and t (top or sometimes called truth) and have the
charge +2/3. For each generation the corresponding down-type quarks, d (down), s (strange) and b
(bottom or sometimes called beauty) have the electric charge —1/3. Additionally, the quarks have
a color (red, green or blue). For every fermion from Tab. a corresponding anti fermion with the
same mass exists. Anti fermions have an opposite electric charge and an anti color.

Furthermore, the interaction observed in nature can be described by gauge bosons. Table
shows all the fundamental spin-1 bosons. Every fundamental interaction in the SM is based on a
symmetry and follows from the according gauge invariance. To find out the form of interaction
one needs to find the corresponding symmetry.
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Table 1.1: Fundamental fermions of the SM. The right part of the table shows also the left and right-handed

components.
Fermions Generation | el. charge | color weak isospin T
I | II | III Q left-handed, T', T3 | right-handed, T
Leptons) | %7 |1 1 D] - ] M | e
auke || ¢ G nev | @l | RS
Table 1.2: The gauge bosons of the SM.

Gauge bosons Interaction Mass[ GeV/c?] Symmetry group

WiY,Z0 eleCtrvovIen;f nene My ~ 80.4?, Mz ~912 SUl(Jl()ze)Ii Uy xSU@)
8 Gluons (g;) strong 0 SU3)¢

Electroweak unification

In case of Quantum Electrodynamics (QED) every charge carrying field transforms under
the unitary symmetry group U(1). Noether’s Theorem predicts for such a symmetry of global
transformation a corresponding conserved quantity. Going further to the gauge principle, a local
gauge phase transformation can be used. Under local phase transformation a field can be deduced,
that can be identified as the photon. Similary to a global phase invariance, that leads to the
charge conservation, a local phase invariance here gives rise to a photon field.

Studying the nuclear interactions, additional symmetries and conservation laws have been
proposed. Motivated by the observation of parity violation, a chiral gauge theory was developed. It
splits the fields into chiral fields and introduces the left-handed and right-handed fermions. The
symmetry group accordingly rotates the leptons and quarks within the generation, e.g. rotating
the left-handed electron to a left-handed neutrino which is not possible with right-handed particles.
The weak interaction requires the introduction of a SU(2) symmetry group (special unitary or
Lie group). One generation of left-handed quarks or leptons builds a doublet, with isospin
T = 1/2, where the SU(2);, acts on the pair of left-handed fermions, exchanging the W*-bosons
(see Tab. . This gives rise to the W field and the corresponding W* and W° bosons which
build a triplet of the weak isospin T (T = 1, T3 = +1,0). However, W is not a physical observable
field. For the electroweak unification a U(1)y group is required, which is connected to the weak
hypercharge

Y =2(Q —Ts).

Thereby Q is the electric charge and T3 the third component of the weak isospin T. The corres-
ponding field that couples to this hypercharge is B?. The U(1)y does not mix up the weak isospin
and the SU(2);, does not mix up the hypercharge. Therefore it can be written as product structure.
Which results in the electroweak theory SU(2), x U(1)y. Further, rotating the W° and B fields
using the weak mixing angel or Weinberg angle Oy, one can obtain the physical fields: Z°, A u (or
y) and W,

Symmetry breaking

Beside the massless y, Tab.[1.2[shows that the W* and the Z° bosons are pretty heavy particles.
However, one can not just add a mass term to the Lagrange density for these particles, the theory
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would be not gauge invariant. In the SM this is done through symmetry breaking, that requires
the introduction of a Higgs field. The particle that is associated to this field is the Higgs boson
with spin 0. The source of this Higgs boson is very different compared to the gauge bosons which
originate from the gauge symmetries. Here, the Higgs field can be directly postulated. The field
can change a left-handed particle to a right-handed one and the other way around giving a mass
term to the fermions. The Higgs field together with the Yukawa coupling determines the mass of
the fermions. Additionally, the Higgs field also gives the mass to the gauge bosons. All the gauge
bosons have been measured with an incredible accuracy and recently also the Higgs boson (with
mass near 125GeV/c?) has been discovered at the LHC.

Strong Interaction

The Quantum Chromodynamics (QCD) describes the strong interactions and is based on a
symmetry SU(3) group, also called color group SU(3)¢ B In the SM each quark carries a color
charge, similarly to the electric charge in QED. The leptons and the y, Z° and W* bosons are
color neutral and thus do not participate in this process. The SU(3)¢ group has 8 generators that
can transform the quark color. These generators are associated with the new massless gauge
field and the existence of gluons (see Tab.[I.2). The 8 gluons themselves need to carry a color and
anti color. This leads to the fact that the gluons can interact with each other. Stable particle in
nature are color neutral, therefore a quark can not be observed as a free particle. The observed
particles that are bound together by the strong interaction are hadrons. They consists of quarks
and interacting gluons. They can be further separated in mesons consisting of a quark and an
anti quark, and baryons consisting of three quarks. Recently, a candidate for a four-quark state
has been discovered by the LHCb experiment.

Cabibbo-Kobayashi-Maskawa (CKM) matrix and generation of CP violation

So far, the SU(2);, symmetry, with interacting W bosons, is considered as a symmetry trans-
formation within one generation of leptons or quarks. However, in case of quarks a transition
between different generations is observed in reality. This is described in the SM by the mech-
anism of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. There is a difference between the
free quarks that are described by the mass eigenstates (d,s,b) and the quarks that take part
in the weak interaction the so-called flavour eigenstates (d',s’,b’). The mass is given by the
Yukawa coupling and the Higgs field. In the SM the change of the bases is described by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix

d’ Vud Vus Vub d
s"1=|Vea Ves Ve l-|s]. (1.1)
b’ Via Vis Vi) \b

Verm

The nine free complex (18 real) elements are not independent. The unitarity requires:
3
2 VieVi =6, i,j€{1,2,3} (1.2)
k=1

This removes 9 degrees of freedom. Additionally, the global phase is not an observable therefore
every quark field can absorb one additional parameter. Finally, four parameters remain. They
can be parametrised as 3 rotation angles and leave one non trivial phase, which can lead to an
observable interference effects and is the only source of CP violation in the SM.

IThe SU(3) group was postulated to explain the existence of the A** baryon, since without additional quantum
number the Pauli principle would be violated.
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The matrix is almost diagonal, thus the absolute values of the off-diagonal elements decrease
changing the generation. One possible parametrization of the CKM matrix is the Wolfenstein
parametrization, which is described by the following four real parameters, taken from Ref. [2].

1 ~0.22537 (1.3)
A~0814 (1.4)
p~0.117 (1.5)
7~ 0.353 (1.6)

1.7

with p = p(1-A/2+---) and 7 =(1 — A/2+---). Up to G(A®) this can be expressed, as in Ref. [7],

5_%2_%4 LA AX3(p—in)
Ve = A+ AA%(1-2p-2ip 1-4 - 4(1+44%) AA2 |+060°%) . (1.8)

A1 -p—in+LA(p+in) -AV2+AA(1-20-2in) 1-44A2

The complex phase difference is contained in the term (1 +ip) E] which is suppressed by
V.q ~0G(A%1%) and V,q,V,p ~ O(AA3) and Vs ~ G(ALY) depending on the matrix element. Note
that imaginary terms depending on the order can be transfered between the matrix elements
satisfying the unitarity relations (original parametrizations can be found in Ref. [8] and [7]).
This parametrization illustrates clearly the smallness of CP violation in the SM.

2Both parameters 1 and p are of the same order.
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2.1 Particle production at high-energy colliders

In the past decades several experiments have used different particle production mechanisms to
study elementary particles in a wide range of energies. Among those are fixed target experiments
and e*-e~, proton-electron, proton-meson, proton-anti-proton and proton-proton colliders.

Currently, the highest center of mass energies, /s, in collider experiments are achieved in
proton-proton (pp) collisions, which is the main topic of this section. Going to higher /s the
production cross sections of especially heavy particles increase drastically. Understanding the
mechanism of hadron production in these collisions requires a deep understanding of the proton
structure and of the QCD processes involved.

Proton Structure

In the simplest model, the proton is built out of three valence quarks (up, up, down). The gluons
are responsible for binding the proton. Beside the valence quarks, the proton contains pairs
of quarks and anti-quarks (sea quarks) that are created and annihilate. The densities of the
partons are described by the Parton Density Functions (PDFs). Proton PDF's can not be calculated
peturbatively, However, they can be measured, e.g. at H1 and ZEUS experiments at HERA, as
presented in Ref. [9]. The commonly-used combined results are shown in Fig. Here, Q is
the transfered four-momentum and x the Bjorken variable quantifying the fraction of the proton
momentum carried by the struck quark. At small @2, the proton momentum is carried mainly
by the valence quarks, where each of the partons carries the main momentum fraction x. By
increasing @2, one is looking deeper into the proton and the densities of the gluons and sea quarks
increase.

Particle production

The production in pp collisions can be separated into two different phases, as described in Ref. [10].
The first one is a perturbative phase, which happens in the hard scattering process of the protons
and where the quarks and lepton are mainly produced. The second phase is non-perturbative
phase and takes place at low energies where the hadronization happens. E]

INotice, that a correct approach requires the consideration of the factorization scale ug = Q2 for the parton PDFs of
the proton and not only the renormalization scale for the process between the partons.
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NNPDF2.3 (NNLO) g/10
xf(x,u2=10 GeV?)

xf(xu2=10* GeV?)

10° 10" 1

Figure 2.1: The parton distribution function f(x) multiplied by x, for 2 = u2 values of 10GeV? (left) and
104 GeV? (right), (Figures taken from Ref. [2]).

g b 9 b 9 b ¢ b

QZ?DWV<I> g:i§<b g;@<b <1>Wmm<b

Figure 2.2: Leading Order QCD diagrams for production of heavy quarks (The beauty quark can be
replaced by a charm or top quark).

The first one that takes place at short length scale, where quarks can be produced directly.
The description of this process builds the basis for every reliable simulation (see e.g. PYTHIA [11]
and HERWIG [12] event generators). In the simulation these processes are often approximated
with the parton shower approach, where the processes are split into initial state radiation, hard
cascade, and final state radiation. Finally, after production of this parton states, a non-perturbative
hadronization or fragmentation of the remaining quarks and gluons takes place when producing
final states particles. This can be modeled phenomenologically.

Calculation of the proton-proton cross section
The energy scale above which QCD is renormalizable is Agcp = 200MeV. Below this scale
the strong coupling becomes as(Agcp) > 1 and diverges. Therefore, light quarks, with masses
my,mg,ms < Agcp can not be treated perturbatively. The charm, beauty and top quark masses
are significantly above this scale, m.,mp,m; > Agcp and non-perturabtive contributions can be
controlled, e.g. in Heavy Quark Effective Theory (HQET). The lifetime of the top quark is too short
to form hadrons. For beauty and charm quarks this is possible. The dominant mechanisms (of the
leading order G(as) QCD contributions) in pp collisions are visualized in Fig. where additional
diagrams with gluons in the final state are omitted. The consideration of the gluon emission in
the final state requires next-to-leading order (NLO) calculations, see Ref. [13]]. Mathematically,
one is now able to calculate the cross sections for proton-proton scattering. This requires the
knowledge of the structure of the proton, which is described by the PDFs. The short range
interactions between the partons can be now calculated perturbatively. Combining these two in
the factorization approach, the overall cross section can be calculated.

For charm the calculation can be done up to NLO and the results are shown in Fig.[2:3(b). One
can also see that this calculation describes well the data in the shown energy range. Fig.[2.3[a)



2.1 Particle production at high-energy colliders

proton - (anti)proton cross sections
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(a) NNLO production cross sections (b) NLO production cross section for charm

Figure 2.3: (a) The total proton-proton cross section is shown in blue. Other contributions, starting with
bottom cross section, are calculated in NLO ( figure taken from MSTW group from Ref. [14],
W.J. Stirling, private communication). The small step of the cross section in the intermediate
region between Tevatron and LHC correspond to the small difference between proton proton
and proton anti-proton collisions.
(b) Charm pair production cross section (taken from Ref. [15]]), the theoretical prediction has
been calculated in NLO (see Ref. [13]).

shows the next-to-next-to leading order (NNLO) calculations of the cross sections and their
dependence on \/s. For hard scattering the cross sections rise with increasing v/s.

Heavy quark production mechanism

In simulation, often a simplified approach, including initial and final state radiation and the
hard processes is used. This simulation approach is called parton shower. Parton shower is
able to describe the leading log scale. For deeper understanding of the heavy quark production
mechanism one can split the main production processes into three classes: pair creation, flavour
excitation and gluon splitting. E] The process type depends on how many heavy flavour quarks
participate in the hard scattering. Fig. shows these three main processes. At LHC energies
\/s =~ 7—8TeV the dominant process for beauty as well as for charm production is the flavour
excitation (see Ref. [10]]).

So far, we have considered only the strong interaction, where bb quarks are produced in pairs.
However, there is also a single b production possible, e.g. via weak interaction, naively considering
the W or top production. For the b quark this contribution is, using this naive calculation, more
than @(107°) suppressed at LHC energies compared to the bb-pair production.

2This is also required to avoid double counting.
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Figure 2.4: NLO QCD feynman graphs. Classification in three groups (a) 2 b quarks, (b) 1 b quarks, (c) 0
b quarks participate in the hard scattering process.

P

Figure 2.5: Example of a hard scattering process in a pp collision. The heavy quark production is displayed
in the center, the hadronization is indicated by the vertical curves on the right side.

Hadronization and fragmentation

The obtained partonic states need to hadronize to produce the final state of colorless hadrons.

This step can not be calculated perturbatively. However, phenomenological models, e.g. the Lund

String model Ref. [16], which treats every color singlet subsystem (e.g string), can handle this.
Fig. shows the production mechanism, where b quarks E] are produced in the hard

scattering. In the next step the hadronization is visualized. Thereby, a hadron with an anti-b

quark and one with a b quark appears in the final state.

Production asymmetry

In pp or pp-collisions the quarks, as explained previously, are predominantly produced in pairs.
In the following, the focus will lie on the pp-collisions. For visualization, Fig. shows the
production of a bb pair, that after fragmentation results here in a B%(b#) and B%(bu) meson-pair.

For the heavy quark pair production in the perturbative QCD no asymmetry (A = 0) is expected,
Ref. [17]. However, many experiments have measured production asymmetries for different
energies and in different kinematic phase-space region, Ref. [[17]], [18]. This requires further
possible explanation. Different models with theoretical calculations are available that can handle
this, e.g. Ref. [19]. In the following, some artefacts are explained.

For the final asymmetry in the production of hadrons one needs to consider the valence quarks
of both protons. One general argument is the baryon number conservation law. Since the initial
state two protons, the final state has to have the same baryon number, and therefore A; production
is preferred relative to the A production. As the sum of the b hadrons and anti-b hadrons is the
same the b-baryon asymmetry results as well in a b-meson asymmetry.

The second effect is, that the protons provide for the combination the valence (vud) quarks
but not their anti-quarks. In the final states more B%(bu) and B*(bd) mesons can be produced

3 The b quark can be replaced by other heavy quarks.
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Figure 2.6: Accelerator complex at CERN (taken from Ref. [23]).The four main collision points placed at
the LHC ring, where the experiments are set up, are highlighted in yellow.

with respect to BO(biz) and B~(bd) and therefore create a meson asymmetry. This has then to be
compensated by on opposite asymmetry of the remaining B-hadrons. In the fragmentation one
needs also to consider different non-trivial color topologies of allowed final states including the
beam remnants, that can also lead to an asymmetry in production, depending on the phase space.
Current results show that the asymmetries at LHCD are at a level below G(1%), Ref. [18].

Additional contribution can arise already before the fragmentation, if one allows some "recom-
bination" in the proton. The proton can e.g. fluctuate in a baryon meson pair in a so called "Meson
Cloud Model" Ref. [19], which would result in an observable asymmetry of e.g. charm mesons.

Studying and disentangling the different effects is one of the main topics of currently ongoing
production-asymmetry analyses. This thesis will discuss later on how the presence of production
asymmetries needs to be taken into account in the analysis of the studied CP asymmetries in the
charm system.

Charm and beauty production cross sections

Theoretical predictions of the cross sections are well in agreement with the measurements from
LHCb. For this analysis the beauty and charm cross sections are of interest. The beauty cross
section is measured at LHCD to be O pp—bbX = (284 +4+48) ub_l, Ref. [20]. At sqrts =T7TeV, the
charm hadrons cross section (see Refs. [15], [21] ) is about a factor 20 higher compared to the
one of the beauty hadrons, shown in Figs. This analysis uses so called secondary charm
production, where the charms hadrons are originating from the b-quark decays, b — W*c. Beauty
quarks mainly hadronize in B mesons that have large lifetimes. In the boosted system at LHCb
they are easy to identify and provide a powerful signal identification. This makes this analysis,
despite the lower production cross section, competitive with the analysis which exploits charm
mesons produced promptly in the fragmentation, Ref. [22].

2.2 LHC machine

The Large Hadron Collider (LHC) is a part of the accelerator complex at the European Organiza-
tion for Nuclear Research laboratory (CERN) established in 1964 and build next to Geneva, as
shown in Fig.
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The LHC is a superconducting accelerator that is able to control and collide different
hadron beams: proton-proton (p-p), lead-proton (Pb-p and p-Pb) or lead-lead (Pb-Pb). It con-
sists of superconducting magnets in a ring with a circumference of 27km with two vacuum pipes,
where the beams can circulate.

The beam bunches are collided at four nominal interaction points, where the four main
experiments are set up, which are LHCb, ATLAS, CMS and ALICE. Before the injection into the
LHC ring, the protons have to pass several accelerator systems before they reach the injection
energies of some hundreds of GeV. First of all they are accelerated at the Linear Accelerator
(LINAC 2) to energies of 50MeV and are injected into the Proton Synchrotron Booster (BOOSTER
or PBS). There, the beams reach energies of 1.5GeV and can be further accelerated in the Proton
Synchrotron (PS) to 25GeV. In the Super Proton Synchrotron (SPS) they reach the required
energy of 450 GeV for the injection to the LHC ring. Finally, using the radiofrequency (RF) cavities
in the main LHC ring the beams reach the required energy and together with the magnets system
(different dipol-, quadro-, sextu- and octupol magnets) sort the protons into packets, so-called
bunches. The current design of LHC allows to run at stable conditions and high luminosities
at energies of 4 TeV per proton beam, this will be increased to 6.5TeV in 2015. The operational
parameters of LHC are listed in Tab. more details in Ref. [24].

The event rate for any kind of analysis is dependent on two parameters, which are the cross

section and the luminosity,

dN
N2 2.1
dt g @1

The cross section depends on the physical process we are interested in and the luminosity is one
of the main figures of merit for a collider. For two colliding proton bunches this can be described
through the following equation.

2
- frev YN ka
4me, B*

Thereby, the bunches revolve with a frequency frey, kp is the number of occupied bunches
circulating in LHC, N is the number of protons contained in each bunch and y is a relativistic
correction factor. The size of the beam is characterized by two quantities, the amplitude function
B* and transverse emittance €,. Additionally, due to different beam crossing angles, a geometric
factor F' between the beams needs to be considered. The achieved performance parameters of
LHC are summarized in Tab.

(2.2)

Table 2.1: LHC operating parameters, Ref. [25]

Unit | 2011 2012 | Design
Energy per nucleon [TeV ] 3.5 4 7
B*(beta function) [m] low(0.6)-high(3.0) 0.55
Bunch spacing [ns] 50 50 25
Number of bunches 1374 1374 2808
Number of protons in a bunch 1.6-1.7-101 1.15-10!
Peak luminosity £ [em2s71] | 7.7-10%  7.7.10%3 | 1.10%¢

LHCDb can not operate at the full luminosity regime like ATLAS and CMS, since the particle
flux and detector occupancies would be too high. Therefore, LHCb is operated at a higher beta
function( * = 3.0), resulting in lower instantaneous luminosities. However, during a run when
the number of particles per bunch decreases, the machine can adjust the beam parameters (e.g.
B*) such that the luminosity stays constant. In 2012, LHCD could operate at an instantaneous

luminosity of up to 4-10%2cm™2s~!, mainly taking the data with lower luminosity but stable
conditions.
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Figure 2.7: Production angle of b-quarks, obtained from simulation (Figure taken from Ref. @]).

2.3 LHCDb experiment

The LHCb experiment is designed to study the physics of beauty and charm quarks. As explained
above, most of these heavy quarks are produced in pairs in pp collisions. Fig. [2.7 shows the
angular distribution of the b-quarks with respect to the beam axis. The pairs are boosted in
the forward and backward direction. The LHCb experiment is designed to cover about 25% of
b-quarks produced in the pp collisions at LHC energies, as it is shown in Fig. LHCb is a single
arm dipole spectrometer with a pseudorapidity coverage of 2 <7 < 5.

LHCD has also a possibility of flipping the magnet polarity, which is important for asymmetry
measurements and very useful for further checks. The main detector components are the silicon
vertex detector surrounding the interaction point and the tracking system placed in layers before
and after the magnet. For particle identification two ring imaging cherenkov detectors, placed
before and after the magnet, are used. They are followed by the calorimeters and muon stations.
The following sections give more details about the subdetector systems.
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Figure 2.9: Left: LHCb magnet design (taken from Ref. [28]). Right: The main component B, of magnetic
field measured along the z-Axis (from Ref. [28)]). Overlapped on top with the main components
of the tracking system (Vertex Locator, Tracker Turiencies and Tracking Stations). The field
for two different magnet polarities is shown.

2.3.1 Magnet

To perform a measurement of charged particles momenta, a warm E| dipole magnet is placed
in the region between the Tracker Turiencies and the Tracking Stations. The tracking system
around the magnet has a long lever arm of about 10m, to provide a good momentum resolution. E|
The heavy material of the magnet is placed outside of the acceptance region. The magnet consists
of two coils (with a weight of 54 tons) placed in an iron-yoke window, with a weight of 1500 tons,
shown in Fig. with an inductance of L = 1.3H. It reaches a magnetic field strength above
1T and has an integrated magnetic field of around [ Bdl = 4Tm. The magnet fulfills the RICH
operation requirements to have low magnetic fields inside the RICH detectors. The magnetic field
has the main direction along the y-axis deflecting charged particles mainly in +x-direction and is
not homogeneously distributed along the x-axis. A precise measurement of the magnetic field was
performed using hall sensors. It is shown in Fig.

To achieve a good momentum resolution, the magnetic field is measured with a relative
precision of about 4 x 1074, The three dimensional field map covers most of the LHCb acceptance
and can be reproduced for both polarities, see Ref. [28].

2.3.2 Vertex locator

The VErtex LOcator, or short VELO, Ref. [29], is a silicon detector placed closest to the collision
point. Its main purpose is to measure tracks precisely and find displaced vertices that can be used
directly in the high level trigger. It is a stereo silicon strip detector using a cylindrical geometry
(r and ¢ strips). With this geometry design of the VELO the track reconstruction is able to be
performed fast already on trigger level. The VELO consists of 42 sensors group in (R,¢) sensors
that are mounted on modules. The VELO is split into two halves which are A-and C-sides (positive
and negative x). The modules on both sides have a slight offset and are placed in 21 parallel layers

4e. operated without superconducting technology

5 Long tracks, used in this analysis, pass the full tracking system, as shown in Fig.
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Figure 2.10: (a) Position of the 42 + 4 VELO sensors, shown are the A and C sides.
(b) A couple of sensors already mounted on the modules, before the installation of the device

(Figures taken from @L @], @]).

along the beam axis, as shown in Fig. Most of the modules are placed downstream of the
nominal interaction point (positive z-position), beside some modules that cover the beam envelope
and are placed upstream (negative z-position). The four modules placed at the most upstream
position were planed to be used for vetoing pile-up and further studies, but are irrelevant for the
datasets used in this analysis. VELO covers an acceptance region of 1.6 < || < 4.9 H required
by the design and the other sub detectors. Additionally, it has a high cluster finding efficiency
above 99.9% (excluding bad strips, Ref. [30]) and track finding efficiency typically above 98%, see
Ref. [31], [30]. A key feature, especially for this analysis, is that the VELO is able to precisely
measure vertex position and therefore determine the decay times with high precision. The VELO
is a moveable device. To guaranteer save operations it is moved out of the beam line during the
beam injection and ramping phase. During the period of stable beam operation, the sensors are
brought with an accuracy of 10 um close to the beam. The active silicon sensors are up to 8.2mm
far away from the beam in this position.

The sensors are n"-on n strips on oxygenated silicon E], the n-type bulk has a backplane of p*
type. The silicon is 300 pm thin with a pitch size varying between 40 and 100 pm (see Fig. [2.11)
minimizing the occupancies. The average occupancies obtained on 2011 data (pp collisions with
average number of visible interaction per bunch crossing i = 1.7) is about 1.1% for both r and ¢
sensors. Both sensor types have 2048 readout channels each.

The modules provide the electrical readout of the sensors. Before the digitization, the readout

8For primary vertices produced within z = +10.6cm.
7 Oxygen enriched silicon makes the sensors radiation hard (see Ref. ),
Two p*-on n sensors have been used, mainly for testing, in the upstream region
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Figure 2.11: (a) Geometry of the r and ¢ VELO sensors ( taken from Ref. @1). Only parts of the strips

are shown.

(b) The composition of a module.

of each sensor is done by 16 Beetle Chips (Ref. [33]) with an analog front end. Each module
holds one r and one ¢ sensor, see Fig. The core of the module consist of 400 um thermal
pyrolytic graphite (TPG), that is able to transport the heat from the modules to the cooling blocks.
The modules are further used by the cooling management system (details in Ref. [34]]). The full
electronic chain of the modules can be found in Ref. [28]].

The modules are shielded by a radio-frequency foil (RF foil), made of AlMg3, from the beam
vacuum and from induction through the beam currents. The 300 um-foil, coated with insulator,
fulfills this protection and keeps additional multiple scattering effects from the foil at a low level.
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Figure 2.12: (a) The three gaseous Outer Tracker stations, composed of four double layers each
(b) Outer Tracker module design with a double layer, the values listed in cm
(taken from Ref. [35]]).

2.3.3 Outer Tracker

The Outer Tracker (OT) is a gaseous ionization detector built from straw tubes that are operated
as proportional counters. The design of OT is shown in Fig. [2.12h.

It consists of three stations (T'1, T2 and T's) with overall 24 single layers of tubes and 53,760
readout channels. Each station is split into four double layers. The two innermost double layers
are tilted with respect to the vertically oriented outer double layers by +5° to provide a real stereo
measurement and avoid ambiguities. Each double layer consists of several straw-tube modules,
shown in Fig. [2.12pb. Each module has 64 drift tubes that are ordered in two monolayers. The
drift tubes have an inner diameter of 4.9mm and are about 2.4m long. The inner tungsten wire
anode of each tube is coated with gold and has a diameter of 25 um is operated at +1550V with
respect to the electrically conducting plated cathode tube. Additionally, the straw tubes are filled
with a gas mixture of Ar/CO9/09 (70/28.5/1.5%) to keep the drift times below 50ns for reasonable
operation at the LHC bunch crossing rate. Measuring the drift times of this gas mixture a
spatial resolution of below 200 um can be obtained. Together with the magnetic field it keeps
the momentum resolution at a precise level of d p/p = 0.5% for particles with momentum below
20GeV/ec (low momentum dominated by multiple scattering, Ref. [28]) and reaches 6p/p = 0.8%
for particles at 100 GeV/c, which has a direct influence on every mass resolution measurement
at LHCb. The hit efficiency for tracks passing close to the center of a tube is above 99%. Typical
occupancies are at the order of 10% and increase with higher bunch crossing, so that the drift
times can overlap between the bunch crossings for operations above the nominal bunch crossing
of the design (as described in Ref. [35]]). Finally, after the readout of the modules the information
is digitized and after the L0 trigger decision it can be further processed at 1 MHz by the front end
electronics (detail can be found in Ref. [35]).

2.3.4 Silicon Tracker

There are two silicon micro-strip subdetectors at LHCb. These are the Tracking Turiencies (TT)
placed upstream of the magnet and the Inner Tracker (IT) placed downstream of the magnet.
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Figure 2.14: One Inner Tracker station and its composition of the modules and the readout hybrids (taken
from Ref. [28]).

The IT covers the high pseudorapidity region in the inner region of the Tracking Stations. The
TT improves the momentum resolution. The aim of the IT is to provide precise momentum
measurements in the high rapidity region of LHCb.

Tracking Turiencies(TT)

The TT is a micro-stip silicon detector that consists of four silicon sensor layers which are grouped
in two stations (TTa and TTh, see Fig. [2.13). The stations are about 30cm separated along the
beam axis. The strips of the first and last layer are aligned vertically in y-direction. The layers in
the middle are rotated with a stereo-angle of +5° and —5° to avoid ambiguities and provide the
necessary resolution in y-direction. Each layer is built out of rows of half modules. Each module
has 7 silicon sensors and the readout is done with hybrid front end electronics, see Fig. [2.13]
The core part of the readout is the Beetle Chip, Ref. [33]. that reads out the strips and sends an
analog signal to the digitization boards. The sensors are p*-on-n silicon with n-doped Si bulk
and p* strips, with a n* layer on the backside. Unlike the VELO sensors, which are n*-on-n
sensors, the p*-on-n sensors can not be operated at voltages below the full charge collection, see
Ref. [37]. However, due to their position the expected dose for this sensors is some orders lower.



18

LHCDb experiment

The bulk is a 500 um thick silicon with a pitch size of 183 um. Overall, there are 143,360 readout
strips with a hit efficiency above 99% (Ref. [38]]). Additionally, the number of readout channels is
reduced through simultaneous readout, considering also the occupancies, that stays in order of a
few percent.

Inner Tracker(IT)

The IT is a micro strip silicon detector, consisting of three stations. They cover the high pseu-
dorapidity region and are mounted in the three tracking stations (7'1,T9,T2). Together with the
OT-stations they buildup the T-stations. Each station, as shown in Fig. is built of four boxes
placed around the beam pipe. Every box contains 7 modules and has four layers with two of them
mounted with a stereo angle +5°. The top and bottom boxes have sensors with a bulk of 320 um
thickness. The left and the right boxes, with two-sensor modules, have a thickness of 410 um. The
sensors are the same as in the TT built out of p*-on-n silicon with a strip pitch size of 198 um.
The readout electronics is part of the module and, similarly to the TT, it is integrated into the
front-end hybrid readout. Overall, the IT contains 129,024 strips, with a hit efficiency of above
99% and the occupancies are in order of few percent (for details, see Ref. [38]]).

2.3.5 Particle identification

In the following, the main detector components used for Particle IDentification (PID) are intro-
duced. This are the Cherenkov detectors combined with the calorimetry and muon system. Based
on the output of the PID system a combined probability variable is provided and different particle
hypothesis can be tested. In such a way, combined Log-Likelihood (log ¥) is calculated on a track
basis. E.g. to separate kaons and pions the difference between the Likelihoods is considered
Alog Lrr =log L(K)—1log £(m). This quantity is important for many analysis at LHCb with the
kaons and pions in the final state, that are otherwise dominated by combinatorial background.

Cherenkov detectors

LHCDb makes use of two Ring Imaging CHerenkov detectors (RICH). A charged particle crossing
a medium with a velocity, fc, faster than the local phase velocity of light in a medium, with
refractive index n > 1, emits Cherenkov light. The photons are emitted in the medium under
Cherenkov angle, O¢, with respect to the particle momentum direction

1
_%,

Therefore, the RICH provides the information about the velocity of a particle. Knowing the
measured momentum and the trajectory of a particle one can test different mass hypotheses, if
light has been emitted under the corresponding Cherenkov angle. LHCb has two RICH detectors.
The first one, RICH1, placed closed to the VELO, upstream of the magnet, covers an angular
acceptance from 25mrad to 300mrad. It is responsible for particle identification and covers the
low momentum particles in a range 1 —60GeV/c. Two media are used to achieve this: aerogel
and C4F19, which produce different Cherenkov angles. The full design of RICH1 is shown in Fig.
2.15k.

An optical system, split in two symmetrical parts, containing a spherical mirror array and
a carbon fibre mirror, is used to focus the Cherenkov photons. This photons are detected with
pixel-Hybrid Photon Detectors (HPDs). These are vacuum photo detector tubes. The photons are
converted on the surface of the photo cathode into electrons and, finally, after acceleration the
electrons are detected by a silicon pixel sensor. RICH1 contains 196 of those tubes, of which the
final sensors are segmented into 1024 pixels each.

B¢
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Figure 2.15: (a) RICH1 and (b) RICH2 showing and design and the arrangement of the spherical mirrors
that focus the Cherencov light on the Photon Detectors (HPDs). (both figures taken from Ref.
128])

RICH2 has a very similar design, shown in Fig. |2.15b. The detector is placed after the OT. It
contains 288 HPDs and covers a horizontal angel acceptance from 15mrad to 120mrad. The gas
medium used is CFy4. It covers the high momentum range of 15 — 100 GeV/c.

Calorimeters

The main propose of the LHCb calorimetry system is to provide already on hardware trigger
level the information about identification of hadrons, electrons and photons with large focus on
the energy. Additionally, the system aims to provide energy position and particle identification
information for the offline analysis, Ref. [39]. The calorimetry system consists of four main
components. These are the Scintilating Pad Detectors (SPDs) followed by a wall of lead and a
PreShower detector (PS), the electromagnetic and the hadronic calorimeter, see Fig. [2.16]

The SPD allows to separate charged and uncharged particles which, after scattering in the
electromagnetic shower, can be detected in the PS. The unit of the PSD/PS is therefore a core
component for identification and background rejection for electrons, hadrons and photons. In the
ECAL, the deposited energy of electrons and photons can be measured. Finally, the deposited
energy of hadrons is measured in the HCAL. All four subsystems use scintillating light that is
produced and transmitted to the Photomultipliers (PMTs) through wave shifting fibers. After the
readout in the Front End electronics the signal is send via optical links directly to the trigger and
Data AcQuisition (DAQ) system. Fig. shows one quadrant in the x — y plane for the SPD, PS
and ECAL. Each of them has 6016 readout channels and a very similar cell sizes, scaling their
size down going to higher pseudorapidity region. The SPD/PS detectors have a small thickness of
0.1 nuclear interaction length (1;,¢) and 2.0 electromagnetic interaction lengths(Xy). The ECAL is
built in a scintillator-lead layer structure with a thickness of 1.1 Aj,¢ and 25X to collect the full
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Figure 2.17: (a) Front view of one quadrant of (a) SPD/PS and ECAL and (b) HCAL (both figures taken
from Ref. @]).
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electromagnetic shower. Its energy resolution is, as summarized in Ref. [28],
OE/E =10%/VE/GeV & 1%.

The HCAL has larger cells with 1488 readout channels and has alternating scintillator-iron layers
with a thickness of 5.6 Aip¢. In Ref. its energy resolution was obtained to be

OE/E =69%/VE/GeV & 9%.

This and further performance details of the calorimeter system are given in Refs. and [28].

Muon System

The Muon system is designed to efficiently detect the muons in the LHCb acceptance. It is a
key ingredient in many analyses at LHCb that investigate decays with a muon in the final state,
especially this present analysis. Therefore, the muon system provides the trigger information and
identification for tracks in the offline analysis. The Muon system consists of five stations (M1-M5),
see Fig. with an inner and outer acceptance in the bending (and non-bending) plane of
20 — 306mrad (16 — 258mrad). Each station can be subdivided into C-side (negative-x) and A-side
(positive-x) and further divided into four regions (R1-R4). To account for different occupancies, the
cell size decreases, going to higher pseudorapidities. All the station are placed downstream of the
magnet. The first one (M1), before the calorimeter, requires to be able to cope with high radiation
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Figure 2.18: Muon system: shown are the five stations with a side view (a) and a front view (b). Each
station is subdivided into A and C side and four regions. (figures taken from Ref. [41]]).

dose and occupancies. M1 is used to improve the momentum measurement in the trigger. The
calorimeters with a thickness of approximately 7 nuclear interaction lengths serve as shielding,
letting only muons with momenta above some GeV/c through to the other four stations.

All the stations are using Multi-Wire Proportional Chambers (MWPC) filled with a fast gas
mixture Ar/COg9/CF4(40:50 :5). Except for M1 the innermost R1 region of M1, where radiation
hard triple Gas Electron Multiplier detectors (triple GEM), with slightly different fast gas mixture
Ar/CO2/CF4(40:15:40) (see Ref. [41]]), is used. The full muon system consists of 1368 MWPCs
and 12 GEM chambers.

After the readout in the Front End electronics the signal is send via optical links to the trigger
and Data AcQuisition (DAQ) system. Using all the five stations, muon detection efficiencies above
99% are reached, Ref. [41]. Together with the calorimeters the muon system builds the core part
of the hardware trigger.

2.3.6 Trigger description

LHCDb Trigger System is designed to separate pp collisions with beauty and charm production.
The requirement is to analyze events at 40 MHz bunch crossing and to reduce the frequency to
5kHz output rate, which is required to be able to record from minimum bias events and to reduce
the rate to 5kHz output rate and use them later in the offline analyses This is done in several

steps.

Level-0 Trigger (LO0)

The LO is a low level trigger and is implemented in hardware electronics synchronized with the
LHC bunch crossing. The main goal is to reduce the rate down to 1 MHz. Beside the filtering of
interesting physics data, it also provides events for calibration, luminosity measurements and
other purposes. The L0 aims to find high E7 hadrons, electrons and photons in the calorimeter
and high pr muons in the muon chambers. The thresholds for transverse momentum and energy
are chosen at a few GeV range (details see Ref. [42]]). Global variables, like total transverse energy
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Figure 2.19: (a) Illustration of LO track finding in the Muon stations, starting with M3 as a seed possible
candidates in M2,M4 and M5 are considered, and finally using the hit in M1 the momentum
is estimated. (b) Region is split in symmetrical towers pointing to the collision point. The
same logical operators are used in each tower. Figures taken from Ref. [43]].

deposit and total number of SPD hits are also used to select interesting events.

The relevant LO trigger used in this analysis is the L0 trigger for muon finding (LOMuon,
Ref. [43]). It performs a track search, using the active muon pads by combining them logically.
Fig. shows in gray the active search regions used in muon track finding, details can be
found in Ref. [43]]. The core idea is to start with a seed in M3 and obtain a certain region under
straight track assumption for hits in M2, M4 and M5 stations. In combination with the hits from
the first station M1 one can get a first estimate on the muon momentum. To perform this fast
on hardware level, the muon stations are subdivided in 48 x 4 = 198 towers, that point to the
interaction region as shown in Fig.[2.19b. Using the information of all five muon station with
certain search windows [ﬂhigh momentum muons can be efficiently reconstructed. Typically, the
transverse momentum threshold for a muon is 1-2GeV/c.

High Level Trigger (HLT)
After passing the L0, the data can be further processed by the HLT system that operates on a
computer farm asynchronously to bunch crossing. This is further subdivided in two steps, Level-1
(HLT1) and Level-2 (HLT2). Both steps are realized in the software. HLT1 reduces the rate
to 80kHz. It partially reconstructs the event starting with seeds in the VELO and searching
for corresponding patterns in the T-stations. FE] Furthermore, track impact parameters (IPs) are
calculated and a track quality is used to confirm or reject events. HLT1 makes its decision on
a track basis. The analysis presented in this thesis uses a commonly used HLT1 trigger for
hadrons (TrackA11L0). The tracks are required to be separated from the primary vertex, to
have a good track quality and a high transverse momentum. Additionally, the HLT1-trigger for
muons (TrackMuon) is used. Thereby, hits in the muon stations are used for tracking and particle
identification. To suppress the background, a displaced muon with high momentum is required.
In the last HLT2 trigger step, the trigger rate is reduced to 5kHz. Here, a full event reconstruc-
tion with very precise track information is performed. Only tracks with a transverse momentum
above 0.3 GeV/c are considered. At this stage, a more complex selection can be considered. This
analysis uses so-called topological triggers which exploit the full decay topology. It is optimized to

8 Details on muon track finding can be found in Ref. [43].
9 See Ref. [44] for details.
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identify B-meson decays with several daughter traces (7, K, u) in the final state. The typical event
size recorded in pp collision (2011 —2012) is 35kbytes and can be written on permanent storage
at this rate. This and further details about the LHCD trigger system can be found in references
[42] and [28]l.

2.3.7 Data processing

After being accepted by the trigger system, the data is recorded in streamed files (so called RAW
files). Thereby, the data is managed by the LHCbDirac framework [45]].

Reconstruction

The recorded data is sent offline to different TIER EU] computing centers. There it is replicated,
reconstructed and after successful verification, it is stored. Furthermore, the raw and reconstruc-
ted data can be used to visualize the performance for every subdetector system to report and fix
possible problems. After passing the data quality requirements, the data can be flagged for further
usage.

Core software frameworks

Following LHCD core software frameworks are used in this analysis and are described briefly
together with their tasks. First of all, Brunel [[46]] is a framework that is able to do a full event
reconstruction. Thereby the main tasks are track finding and also adding particle identification
information using the RICHs, calorimetry and the muon systems. As input, raw data but also
digitized simulation samples are used. Its output is further utilized in the analysis framework
DaVinci [47]. DaVinci is one of the commonly used frameworks at LHCb. This framework
builds the main physics analysis software in LHCb. Thereby, different particles hypothesis are
applied and further reconstruction and selection of the signal decays are performed. Gauss [48]
is responsible for event generation and detector simulation. It provides the simulated particles,
vertices and hit information for further usage. Finally, the digitization for each detector component
is performed with the Boole [49] project. The output can be finally used by Brunel and DaVinci
frameworks.

Stripping

Most of the physics analyses require a very particular selection of reconstructed events. Since the
application of these selections is very CPU-time and storage consuming, the selection and recon-
struction step is centralized. Events are grouped in stripping selections, that are preselections for
different analyses. The Stripping is done with the previously explained DaVinci framework [47]].

The stripping step can be repeated, using e.g. upgraded reconstruction versions or improved
alignment. The data files are compressed, reducing them to the relevant objects for the analysis,
e.g. MDST files, Ref. [45]l. On this preselected samples, that are also replicated and distributed at
different TIERs, the users can perform their analyses fast.

The full datasets available for analysis and recorded at LHCD in pp collisions correspond to
an integrated luminosity of 1.1fb™! (in 2011) and 2.1fb™! (in 2012). The recorded and delivered
luminosity at LHCD for pp collisions during the first run period are shown in Fig. and show
that LHCDb is very efficiently taking data.

10TIER: Telecomunications Infrastructure Standard for Data Center
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Figure 2.20: Delivered and recorded integrated luminosities for pp collision at LHCb in the years 2010-
2012 (taken form Ref. @]}.



From theory to the measurement

This chapter introduces the quantities needed for direct and indirect CP violation measurements
in the charm system. It introduces the theoretical predictions of the observables to be measured
in this analysis and gives the connection to commonly used observables from other measurements.

3.1 Neutral-meson mixing and CP violation

Neutral mesons are produced as flavour eigenstates which are different from mass eigenstates.
In the Standard Model (SM) quark flavour transitions are described by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. This matrix introduces a weak phase in D°-decay amplitudes. The
interference of several amplitudes with different weak and strong phases introduces direct CP
violation. The interference due to mixing and decay diagrams introduces indirect CP violation.
Using a naive picture to estimate the effect of CP violation in the SM, first of all, short-
distance penguins with b-quarks in the loop as well as simple box diagrams (Fig. can be
calculated. However,this can explain only a very small amount of CP violation [50]. For the full

(a) (b)

Figure 3.1: (a) One possible contributions to CP violation from potential new physics in the DO mixing
box diagram. In the GIM mechanism, the contributions of the three down-type quarks mainly
cancel. However, new physics (here e.g. from a weak-isosinglet quark (¢) or a SUSY scalar y)
would have direct impact on indirect CP violation.
(b) One possible long range process, with a non-perturbative QCD contribution.
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DU

(a) (b)

Figure 3.2: Higher order Feynman graphs for D% — hh decays are shown: (a) a penguin diagram(with
possible new physics contribution y) and (b) a penguin contraction for non-perturbative QCD
effects. The interference of the tree level diagram with these penguins is the soures of direct
CP violation in D% — hh decays.

calculation one has to consider also non-perturbative contributions. This is typically done within
the operator product expansion (OPE) framework [51]]. Naive calculations in the SM result in CP
asymmetries below G(1073) [50]. However, they have large hadronic uncertainties. Depending
on their treatment one can explain a possible sizeable direct CP violation in the charm sector
of up to G(1072). On the one hand, the SM contribution to indirect CP violation remains small
due to the small mixing in the D° system. Direct CP violation measurements are sensitive to
non-perturbative QCD effects. An example process with non-perturbative effects is shown for SM
gluonic penguin in Fig. and for a long distance in Fig. On the other hand, one should
not forget the possibility that new physics can lead to a significant contribution to CP violation
(see Fig.[3.1). Such a contribution could result in an enhancement of indirect CP violation. From
the B-system it is known that heavy quark expansion and factorisation work well and could be
able to work also in the charm system [51]]. Therefore, new physics could potentially indirectly be
measured in the charm system.

3.1.1 Effective Hamiltonian and mixing formalism

For any essential numerical calculation of the mixing phenomena an effective theory is used,
see Ref. [51]], [52. The neutral meson system can be represented by a (2 x 2) non-hermitian
Hamiltoniarﬂ This is a typical two state system commonly used in many quantum physics
problems. The time evolution of neutral particles can be described by the Schroedinger equation
using this effective Hamiltonian ./ .

The solutions of this two state system can be written in the following way, where the flavour
eigenstates can be connected to the mass eigenstates

|D0(t) > e—iMLt—FLt/Z 0 B |D0 >
(Iﬁ(t)>) :Q( 0 e—iMHt—rH”Z)Q 1 (|ﬁ> 3.1)
with
Q= (‘Z _pq). (3.2)

The details of the assumptions that were used to determine the solution can be found in [53].
Notice that the parameters p and q define also a phase shift. The mass eigenstates have a clearly
defined mass and decay width. Due to the splitting in mass Am = My — M, and decay width

1In the flavor basis with CP|D? >= —Iﬁ >,
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Al'=Tyg-Ty E]can be used to define dimensionless parameters,

o bm
AL (3.3)
y= or
Additionally, decay amplitudes to a final state f can be introducedﬂ
) =)
Ap=<fl7D°> . (3.4)

Thus the time-dependent decay rates for D mixing can be described in the following way [54], [55]

2
r(DO(t)—»f)szf%e—T Af' {(1+|)Lf |2)cosh(yr)+(1—|/1f ‘2)cos(x‘r)

(3.5)
+29?(7Lf )sinh(yr)—2i‘s(7tf )sin(x71)},

where I' = % % is the decay rate, with d N number of transitions in the decay-time range from

t to t+dt, and N the total number of D°s produced at decay time ¢ = qﬂ A is a normalization
factor. The unitless parameter 7 is defined as 7 = I't. The variable describing CP violation in here
is the imaginary part of

Ap==—. (3.6)

A useful parametrization for A is found to be [55]

q||Ar i
Af=-ncp —' e (3.7
f 1|4,
=—|Rnl|Rf|e™.

Here, ncp = £1 is the eigenvalue of the CP eigenstates f. Kaons and pions are pseudoscalars as
well as the D° meson(J% = 07). Thus our final states K*K~ and 77~ are CP even and have a
CP eigenvalue of nep = 1.

Several scenarios in which CP violation can appear and to which the observables in this paramet-
risation are sensitive are discussed in the following. The ratio R,, = Z is determined by mixing
parameters only. If |R,,| # 1 there is CP violation in mixing, namely the transition probability of a
DY to a DV is not the same as the transition probability of a D%toa D (P(D° — D% # P(D° — DY).

In the similar way, the ratio Ry = 3—? is characterized only by decay amplitudes into the final state

f. In case of |R f| # 1 there is CP violation in decay (direct CP violation). However, CP violation
can be also caused by the relative phase difference ¢ between the decay amplitudes (R ) and the
mixing parameters (R,,) [54]. The following asymmetries are introduced:

Ap=(Rnl”-1) (3.8)
for contribution from CP violation in mixing and
Aq=(Rf> -1 (3.9)

from CP violation in decay.
Exploiting our current experimental limits, only A4 can be considered as small, Ref. [56] [57].
The three ways of CP violation and according parameters are depicted in Figure|3.3

2The indices H, L stand for heavy and light, so that Am > 0 by definition. Following this definition AT >0 in the D
system contrary to the B system

3In this analysis f = f and thus Af = Af'

4} is set to 1 in this notation
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Figure 3.3: Total contribution to CP violation (here in Ay parametrisation, Eq. is coming from 1st)
mixing, 2nd) decay and 3rd) interference between mixing and decay.

3.1.2 Direct and indirect CP violation

The time dependent CP asymmetry is defined in the following way

Tpo_p®)=T55 (@)
Tpo_p(B)+T5g_ ()
(Ig/pI* = DIA+IA1*)cosh(yr) +2 R(Af)sinh(y7) ]
+(g/pl2+ DIA - 1A P cosxr) -2 S(Ap)sinar) ]
(Ig/p2 + DI +1271*)cosh(yr) +2 R(Ap)sinh(yr) 1
+(g/pl? = DA - 1AsP)cos(x1) -2 S(Ap)sin(xr) ]

Acp(t) = (3.10)

We use a linear approximation of this expression in the following. The correction of the higher
order term is beyond our current measurement precision of G(10™4). Due to the small x, and y
< ©(1072) and also considering the time window of this analysis 7 = I't < @(1) one can expand
Acp(t) using x7 and y7 < @(1071). This expansion leads us to the following equation

Acp(t)=AET + ATGT ¢ (3.11)

With the following CP violating asymmetries
2 a2 _192
ZMfl B 151 |/1f|

Adir— 1 = (3.12)
cp 2 q2 2 92
IAFI+1212 A2 +1 L
_1_|Rf|2_ -Ag
C1+IRf2 2+Ag°
s 1412412 x SAA) + (1= 1£1%) y R(A
AindiT__gR, P [(L+14£12) 2 SAp) + (L -12712) y R(Ap)] 5.13)

(IRnI2+I17712)
[(1+(1+Am)(1+Ad)) x i‘s(/lf)+(1—(1+Am)(1+Ad)) y 9‘3(/1,0)]
(1+An)+ A+ A1+ A2

The full calculation can also be found in the Appendix[A-8] Assuming A,, and A4 to be small this
can be further expanded to a commonly used expression

=-21+Apn)

AiC”;“" =~ x sin(¢p) — %(Am +Ag) y cos(¢p). (3.14)



3.1 Neutral-meson mixing and CP violation

29

At the same time the equations above define the direct and indirect CP violation contribution.
Eq. and [A.25|illustrate that direct CP violation contains only the parameters of the decay.
However, the indirect CP violation is also sensitive to the mixing part. A,, does not depend on the

final state and is therefore a universal observable. This is contrary to the decay amplitudes As/Af,
which depend on the final state. Accordingly, A; and the phase difference ¢ can be different for
both final states studied in this analysis [57].

3.1.3 Ay observable

The difference between effective lifetimes of D° and DO is parametrized by Ar:

Tpo—T—
Ar=-2 2% (3.15)
rDO +FD70
where I" is defined as
. [JtT@®)dt
U= —-——. 3.16
JT@®)dt ( 4
After expansion in x7 and y7 up to G((x1)%) + G((y1)?) + G(yx(7)?) this simplifies to
_ 11 2y .« 2
Ar= §|/1f I+ A7) x S(Ap) + (A= [Af]7) y R(Af)] (3.17)
Comparing this with Eq.[A.25|one obtains
R+ 422
Ap = —aipdir B+ A1) (3.18)

4R, 2IA2

1

_ d —142
= —AGFT LRI+ RS

T | 1
i k(T Ay,
CP 4 V1+Ag

For small violation A, the correction factor ( \/1+Ag+——)2 = 4+A3 +@’(AZ)) can be neglected.

1+A,4
Thus to the precision level of G(1074), E]Ar can be directly expressed as:

o 1
Ar~-Adir 5 5 (A +Ag)ycosp - asing. (3.19)

And using our previous notation it can be written in a more handable form

Ar =(Ap/2- A%y cosp—asing. (3.20)

3.1.4 Definition of indirect CP violation
In theoretical papers one can often find different definitions of indirect CP violation.

I) All the phases that can not be eliminated in the amplitudes, describing a AF = 2 process [58]
(we call it a’cf‘;,i).

IT) Indirect CP violation is the time-dependent part of the asymmetry: so Aicn}gii’ or —Ar [57].

III) The terms containing the CP violation in mixing + the terms containing interference between
decays with and without mixing [59].

5works even below 6(10~) for Ay < 0(1072)



30

From theory to the measurement

0.000
~0.002 |

~0.004 |

-0.006 - *

Acp

== model no bias

—-0.008 - . _4 b
r —- linear approx O(10™7) 1

-0.010 L time integrated Acp ]

—0.012 L

e

L L Il L L L L Il L L L L Il L L L L Il L L L L
1000 2000 3000 4000 5000

t in fs

Figure 3.4: Acp time dependence, shown is in blue the full model according to Eq.|3.10l In red the linear
approximation Eq. and in green the time integrated total CP asymmetry < Acp >. Also

the offset that can be approximated as A‘ég and the slope that is Ag;gli’ ~ —Ar are shown.

In the absence of direct CP violation all definitions are equivalent. The first definition is the most
fundamental one. However, in case of the presence of direct CP violation there are some small
corrections with additional terms. E.g. the second (II) case contains also the direct CP violation
%Ad y cos¢. So, the quantity in case (II) itself can be non zero in absence of indirect CP violation.
If one uses the first (I) definition one can rewrite:

oo . 1
AL =allf - gAd y cos¢ (3.21)

What is measured in this analysis is the second (IT) quantity. So, according to the first (I) definition
we measure ag‘g plus an additional term (it is suppressed by ¥ ~ 1% and A4 < 1%) containing a

tiny part of direct CP violation.

3.2 Measurement of indirect CP violation

Following the guidelines in previous paragraphs indirect CP violation can be experimentally
measured in two different ways. Either, one can measure the effective lifetimes of the D° and D9
to CP eigenstates separately for both channels and measure Ar as described in Eq. Or it can
be obtained through directly measuring the time dependence of Acp(t) (Eq. at our current
experimental sensitivity level. To illustrate the size and correlation of the involved parameters,
the following scenarios have been studied.

X y 110fs] | ¢lradl | nep | Aa | An Ar Al
scenarioI | 0.002 | 0.005 | 410 | 0.1 1 0.01 | 0.007 || -0.00016 | -0.005
scenario I | 0.001 | 0.01 | 410 | 15 1 0.01 | 0.01 || -0.00099 | -0.005

The time dependence of A¢p(#) for scenario II is shown in Fig.
In previous measurements of LHCb [60], Belle [61]], Babar [62] additionally the time dependent
ratio r(¢) of decay rates was studied as cross-check. It is defined as

 Tpo_s(®)

t .
r) ®

- (3.22)
T,



3.3 Raw asymmetry measurement

31

1.000
~ 0.995 b
e /#1#7/#/ﬂ4#4
E 2 Agp indir
= 0.990 b
Q
% == model no bias
o [ i
= 0.985 - . 8
t — — linear approx O(10™ %) B
0.980 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000
t in fs

Figure 3.5: Ratio time dependence, similar to Fig. The offset and slope are increased by factor two. At

the order O(10™%), there is no difference in the slope extraction between r(t) and Acp(2).

Expending terms up to O(10™%) order this can be simplified to

r() = 1+2A%% —2Ar7 = 1+2A%% ~2ATt,

using the previous notation 7 =I't. The time dependence of the ratio and the quantities, which
can be extracted are shown in Fig. Acp(t) can also be directly connected to the ratio defined
above: Acp(t) = %(r(t)— 1). Using Acp(2) or r(t) should be equivalent as long as you look at G(10™4)
precision level (for details see Appendix . In this note AP (¢) will be considered as default
method due to statistical advantages. The ratio r(¢), which has asymmetric uncertainties, is

however also calculated as a cross check.

3.3 Raw asymmetry measurement

A unique feature of this analysis is that it exploits D° and D° mesons produced in B decays,
B—D%*X and B— DO,u‘)_(. Thereby, the muon charge is used as a tag for the initial flavour

determination of the charm meson, which introduces additional asymmetries that are discussed
below.

The time dependent raw asymmetry Agﬁw(t) is defined as

Ipo, =Ty ()

ARAW (4 _tos (3.23)
CP _
FD?ag(t)+ FD?ag(t)
AN}, tpin) ~ ANDY, . thin)
AN(DY, ;. toin) + ANDY, ;. toin)
(3.24)
where D?ag and D ?ag are D mesons tagged as D° and D respectively. Thereby dN(D°;qg,tpin) is

the number of observed events in bin #5;, with I'(¢) = Zl\, dlg;t). The raw asymmetry includes initial

production asymmetry and muon detection asymmetries. The D° meson detection asymmetry
cancels since it is a CP final state. The muon detection asymmetry A, is caused by reconstruction,
selection and detection of the muon. Since we are using D° from B decays, a production asymmetry
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Figure 3.6: Impact of different effects is shown. In black is the AP (¢), blue adding the produc-
tion asymmetry, green adding the muon asymmetries and red introducing mistag
probabilities. All effects have tiny impact on the extracted slope. As input the physics
parameters of scenario II have been used. To simulate the mistag Aw=0.001 and
®w=0.009 have been chosen.

of the B meson has a direct impact on measured raw asymmetry. For small asymmetries and
neglecting the effect of mistag this can be rewritten as (see Appendix|B.10)

ABAV (1) = AP () + Ay + Aprog + O(AP). (3.25)

In general, muon and production asymmetries are independent of D° decay time. However, due
to second-order effects, a small D° decay time dependence can appear. This effect is very small,
compared to current sensitivity level, as will be shown in the systematics Chapter (8| To illustrate
effect of a (time-independent) detection and production asymmetry, a model with the expected size
of these asymmetries is shown in Fig.

Mistag probability
Additionally, one also has to consider the probability that the muon not always tags the correct D°
flavour. For this the following mistag probabilities are defined:

o
w”" =P(DY,;ID° AByec)

0 j—
o =P(D},,ID° AByec),

with the average mistag probability and mistag difference

Aw = wﬁ - wP 0.
where DOAB,.. means a true D° at production time which has been reconstructed in a semi-muonic
B decay and the index tag indicates the tagging decision. Thus P(D?a gIDO A Bjec) describes the
probability that a D° at production time is combined with a muon to a reconstructed B candidate,

however tagged as D°.
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Taking the mis-tag probability into account the relation of physics asymmetry A" and
measured raw asymmetry is modified to be (see Appendix [B.10):

ARV = (1-20)Y A + Ay + Aproa) — Ao, (3.26)

As can be seen in this equation, Aw introduces a shift and w a damping factor for the measured
asymmetry. The effect of time independent mistag rates is again visualized in Fig. The impact
on the measurement of the time dependence of the mistag probabilities and mistag difference is
considered in the systematic studies described in Chapter
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Analysis overview

This chapter presents the general strategy of the analysis and gives the reader an outlook how
the measurement is performed. The tools and methods will be introduced in more detail in the
upcoming chapters.

4.1 Introduction

The aim of the analysis is to measure the indirect CP violation in D® — K~K* and D° — 7~ 7+ de-
cays with a sensitivity below @(10~3). This work exploits D® mesons originating from semileptonic
b-hadron (B) decays, B — D° 1~ vy X. Thereby, the charge of the accompanying muon is exploited
as a tag for the initial charm-meson flavour. Additionally, the D°-meson decay time is determined
using the distance given by the B and D° decay vertex and the D° momentum.

In the charm system, the expected CP-asymmetry can be approximated as

; t
Acp(®)~ AGE - Ar—, (4.1)

with Ar, the observable of our interest, see Eq. and Therefore, the CP asymmetry is
measured as a function of decay time and the according slope is extract.
However, in reality the raw asymmetries are measured. These can be simplified, see Eq.

ABSV ()~ Acp(O)+ A+ Aprog. (4.2)

Thereby, A, is the muon production asymmetry introduced through the detection and selection
of the muons. A,,,q, is the production and selection asymmetry of the B-hadron decays. In the
first order the additional asymmetries are time independent. This approach makes it possible to
extract the indirect CP violation from the time dependence of the raw asymmetries. The validity
of these assumptions is studied in details in the Chap.|8] This measurement is however dominated
by the statistical uncertainty as will be shown later.

To verify the proper analysis procedure, the channel D — K~ 7+ provides a very high statistics.
This control channel is a Cabibbo-favoured mode in which the indirect CP violation is negligible,
since the contribution from D®— K* 7~ decays is highly suppressed in this decay mode.
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4.2 Analysis steps

The analysis is divided into four main steps.

In the first stage, a robust selection is developed and optimized, which is described in Chap.
Thereby, already at this stage many possible backgrounds and sources of systematic uncertainties
are identified and removed. One important feature of the analysis is, that it covers a wide range of
decay-times. Due to the large flight distance of the mother B decays as well D mesons with small
decay times are possible to identify and to select. The final selection is validated and does not
introduce additional systematic effects, thereby the significance of the measurement is maximized.

In the second part, a fitter framework is set up that can handle the model parameter extraction.
It relies as default on maximum likelihood method. The method determines the signal yields
and asymmetries. This extraction is done thought the invariant mass spectrum of the D° and D°
meson decays where the background can be removed from all the candidates. Moreover, different
parametrizations and extraction methods are developed and tested, as described in Chap.[6} The
asymmetries are extracted in bins of decay time. This method also considers shape variations
between the decay time bins and between the D° and D° candidates. The method is optimized
and is validated on simulation and data.

As described in Chap. [7] in the third step, the indirect CP-violation parameter, Ar, is extracted.
This is done by using a y? fit to the time dependence of the asymmetry. An individual, robust
binning scheme is developed without losing in sensitivity of the analysis. Thereby, the full fit
procedure is validated.

In the last step, the systematic uncertainties are validated in Chap. Furthermore, the
time-dependent effects of the remaining asymmetries are evaluated. Additionally, the mistag
probabilities that can dilute the observed asymmetry are studied. Several cross checks are
performed, e.g. splitting the datasets in data taking periods, magnet polarity and other subsamples
and confirm the uncertainties which are referenced in this Chap. Finally, the full set of
systematic uncertainties is evaluated.



Reconstruction and selection of D° mesons
from semi-muonic B decays

This analysis exploits D° (cz) and DO (Gu) mesons produced in semi-muonic B decays. ['| These
D? mesons have their origin in the two primary channels B* — D_0u+va and B? — D_O,quVNX .
Thereby, X denotes other possible particles that can be produced in the decays. Contrary to a fully
hadronic decay, the D° meson is accompanied through a muon. The charge of the muon can be
used to determine at production time the flavour of the D® mesons, which are produced as flavour
eigenstates . The muon, originating from the first vertex, is used for the flavour determination
(tagging) of the D° mesons. The second vertex can be reconstructed using the D° decay products.
For the measurement CP final states D® — 7~ #* and D° — K"K are used and D°— K~7* is
used as a control channel.

The decay chain reconstruction requires the determination of two vertices, where the charm
quark is produced and the vertex where the D° meson decays. For precise decay time determ-
ination, the information of both vertices can improve the resolution. Therefore the full decay
chain B — DOy is fitted with Kalman Fitter. The fitter simultaneously extracts the momenta,
positions and decay time and together with their correlations and uncertainties for particles in
the decay chain, the details of the method are described in Ref. [63]. Thereby only the muon and
the D° meson build the B vertex and missing particles, e.g. neutrino, are not reconstructed. The
formed B-meson candidate is therefore only partly reconstructed. However, the D® decay is fully
reconstructed and D%-meson mass and decay time are accurately determined.

One of these reconstructed events recorded with LHCb detector is shown in Fig. In
the following sections the datasets used and the reconstruction and selection of these decays
is described. For further studies, additionally to the datasets taken by LHCDb, large simulation
samples are generated and used here.

5.1 Datasets

We are using two disjoint pp-collision datasets recorded with LHCb at a center of mass energies of
Vs =17 TeV and /s =8 TeV. They correspond to 1.0 fb~! of data collected in 2011 and 2.0 fb~! of

1Semi-muonic B decays: B — E}ﬁX
2Charge conjugated decays are also implied, unless it is explicit stated.
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Figure 5.1: B— D% X, D°—~ K K* candidate event.
Recorded at LHCD in the year 2011 (taken from Ref. [64]]). Shown are the tracks in the x-z
plane in units of mm of the innermost VELO region. The primary vertex is highlighted in light
blue, the path of the B-meson and the decay vertex are visualized in blue. The reconstructed
muon is shown in pink and the D° meson in green. Finally, the decay vertex of the D®-meson
is visualized in green and the reconstructed kaons in red.

data recorded in 2012 that pass all data quality criteria [ﬂ The data is reconstructed with Brunnel
framework (Ref. [46]) and for the analysis DaVinci framework (Ref. [47]) is used, as described in
Chapter

To study efficiencies in several selection steps and also their dependencies versus true decay
time a Monte Carlo simulation sample (MC) using the Gauss framework (Ref. [48]]) is generated .
In the MC production, the events are generated with Pythia8 and go through the full detector
simulation, listed in Appendix Thereby, the events are reconstructed with the same software
as the data and a trigger with the same configuration as on data E] For the trigger the Moore
framework (Ref. [65]]) is used .

5.2 Preselection and Trigger

This section describes the preselection and the trigger selection. The huge datasets require a
centrally managed reconstruction, that is necessary to reduce the datasets to the interesting
events that are used in the analysis. This preselection step is called "Stripping" (see Chapter.
and this analysis uses a configuration called Stripping20 for 2012 data and Stripping20r1 for
2011 data which are explained in the following. Finally, the trigger selection together with the
stripping step is described.

Preselection (Stripping)
The signal yields are determined in four different channels, namely D° — 77~ and D® - K*K~
decays for the Ar measurement and D® — K*7™ decays for systematic studies. They are extracted
from a fit to the D° mass distribution.

Examples of D° candidate mass distributions for the D® — 7*7~ and D — K*K~ channels are
shown in Figure Besides combinatorial background, in both channels a physics background

3 All detector subsystems were on and the detector performance was verified for the used data samples.
4Tl‘igger Configuration Key Number Trig0x409£0045



5.2 Preselection and Trigger

39

coming from D® — K* 7~ reflection is seen in the low mass region of the D® — 7+ 7~ distribution
and in the high mass region of the D° — K* K~ distribution. Additionally, there can be D° and
D* multi-body decays with one or more missing tracks, appearing at lower masses. Further,
decays of other hadrons that match our D° decay chain but where the particle ID is wrong or
some products are missing would contribute to the background. The different backgrounds are
studied and are suppressed by the selection choice.

The following section concentrates on describing the selection used in this analysis. Further-
more a possible gain in significance (S/v'S + B) of the offline selection is studied. However not only
the total signal yield is essential but also keeping events at large D° decay times as they have
more weights to the sensitivity of the Ar analysis. Both effects are followed up in this section.

The requirements of the preselection are described in the following. The applied selection cuts
are summarized in Table[5.1]

First of all, track-based cuts on the stable particles are applied to reduce efficiently the
background. This is done by requiring minimum momenta (p) and transverse momenta (p;)
for the D° daughters and the muon. Additionally, to reduce the misidentified events, particle
identification (PID) cuts for the B and D° daughters are applied. To remove clone tracks, a
minimum Kullback-Liebler (KL) distance is required for all tracks [[66]]. To remove ghosts and
obtain better resolution, fit quality criteria on the track ( )(frack/ndof) are applied. This analysis is
interested in D mesons produced in B decays. To efficiently suppress the prompt D° mesons the
tracks are required to have a large impact parameter (IP) y value with respect to the primary
vertex (PV). The D° daughters tracks are required to have a small y? of the distance of closest
approach (y2 DOCA), to be able to form a proper vertex. Before explicitly reconstructing the D°
and B mesons, the mass from the four-vector sum of the three particles (two hadrons from the D°
decay and the muon) has to be below 6.2GeV/c? and the sum of transverse momenta of the D°
daughters has to be above 1.4GeV/c. Once the D° and B mesons are reconstructed, a loose cut on
the signal masses is applied. Also, cuts on the quality of the B and D° decay vertices are applied
( x?,ertex/ndoﬂ. Additionally, to reduce background, for B and D° mesons the cosine of the angle
cos @ (DIRA) between the momentum of the particle and the direction of flight from the best PV to
the decay vertex is computed and minimum requirements on their values are applied.

The efficiency of the stripping selection is evaluated on MC samples (details, see Appendix[A.7).
Different selection steps before the stripping are studied to understand the contribution to the
total efficiency. In the used MC samples, already on generator level the signal particles are
required to be in the detector acceptance. Therefore, the following efficiencies are quoted relative
to events with the muon and the D? in the detector acceptance. Different effects that have an
impact on the efficiency are listed in increasing order in Tab. The main effect is that the
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Figure 5.2: D° — K*K~ and DY — n*n~ invariant mass distributions, after the stripping selection is
applied; on the left for 2011 (stripping20r1) and on the right for 2012 data (stripping20).
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Table 5.1: Stripping selection requirements.

K b4 u

p >2GeV/e >2GeV/e >3GeV/c

pT >300MeV/e | >300MeV/e > 800MeV/e

Dgj, distance <5000 <5000 <5000

X2 /ndof <3 <3 <3

x°(IP) >9 >9 >4

log Z(PID or DLL) | log &) >4 | log 2% <10 | log 55 >0

DY uD?

invariant mass €[1785,1945]MeV/c? | €[2.5,6.01GeV/c?
mass from four-vector sum | - <6.2GeV
sum pr D° daughters > 1400MeV/c -
12 (DOCA) <20 -
7(§ ot ?x/ndof <6 <6
y?-distance D° vertex—PV | >100 -
cosa(DIRA) >0.99 >0.999

Table 5.2: The definitions of different selection steps.

cut name requirements

generator level | signal tracks in LHCDb acceptance

fiducial pi(1) >0.8GeVie and p(u) > 3GeV/e and D° daughters p; > 0.3GeVie
reconstructible | 3 R-and ¢ hits in Velo and 1 x-and stereo hit in each of the T-stations
loose reco. loose reconstruction using StdAl1LooseParticles, see Tab
stripping full stripping selection and StdLooseParticle, see Tab

tracks are not reconstructible. This can be either due to their rather low momentum, due to decays
in flight of the particle or due to interaction with the material ( [67], [68]]). Requiring the tracks to
pass fiducial cuts at generator level on the momentum of the final state particles involved in the
decay and asking them to be reconstructible already lowers the efficiency to about 40% (TabJ5.3).

After this step, a loose reconstruction is performed which is described in Table The loose
reconstruction reconstructs about 25% of the signal events where the D° and y are generated in
the LHCDb acceptance. Requiring the additional cuts of the full stripping selection the yield is
further reduced to 10 — 15% depending on the decay channel (Tab.[5.3). The MC samples, split
in DY produced from B* and B° (or c.c.), show very similar efficiencies. Additionally, the decay
time dependence of the efficiency is studied. Not only absolute efficiencies are important for this
measurement, but also to have efficient selection for high decay times as these events have a
higher weight in the determination of Ar. On generator level no acceptance bias on the D? decay
time is visible. Furthermore, requiring fiducial cuts, reconstructible daughter tracks and loose
reconstruction keeps the acceptance constant. Applying the full stripping selection, however,
introduces a small drop in the decay time acceptance at low decay times (Fig/5.3). The reason for
this fall are the y2(IP) cuts for the kaon and pion. The small time dependence does not change the
strategy for the measurement of Ar, since the y2(IP) cuts are independent of the muon charge.
Moreover, these cuts are applied at the charge symmetric final state (K"K~ or ¥ 77).
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Table 5.3: The table shows the selection efficiencies calculated on simulated events using the
same selection as in stripping20. Every cut is applied on top of the previous set of
cuts. The studied efficiencies are e(fiducial cuts), e(fid. cuts A reconstructible ), e(fid.
cuts A reconstructible A loose reco), e(fiducial cuts), e(fid. cuts A reconstructible ), e(fid.
cuts A reconstructible A loose reco A stripping). They are quoted with the respect to
the number of signal D® which are in the LHCb acceptance (100%).

efficiencies in %

decay fiducial cuts | A reconstructible | A loose reco | A stripping

B*(D° - KK) | 66.2 38.3 22.3 10.8

BD° — KK) | 69.0 39.8 23.1 10.9

B*(D°—Kn) | 67.9 39.7 23.8 10.0

B%D° - Kn) | 71.0 41.3 24.7 10.3

B*(DY—nn) | 695 42.0 25.3 144

B(D° — nm) 72.8 44.0 26.4 14.6

Table 5.4: Loose reconstruction requirements. K,n and p are reconstructed using

StdAllLooseParticles, which have no p; > 250MeV/c and y2(IP) > 4 compared to
StdLooseParticles.

selection in loose reconstruction | D° (from StdAllLoose) | u DY (from StdAllLoose)
invariant mass € [1785,1945]MeV/c? €[2.5,6.01GeV/c?
mass from four-vector sum - <6.2GeV

additional detector requirement
StdAllLoosePions | CALO, RICH
StdAllLooseKaons | CALO, RICH, log% > -5
StdAllLooseMuons | Muon stations, IsMuon:trueﬂ
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Figure 5.3: Time dependent efficiencies for different selection steps are shown for DY~ K"K+, DY—
n~ " (up) and D%— K~ 7" (down). Shown is e(fid. cuts), e(reco), e(loose reco) and full trigger
selection e(stripping) versus true decay time. All efficiencies are determined with respect to
generator level cuts, where the DO and the 1 are required to be in the LHCb acceptance.
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Table 5.5: Different trigger efficiencies e(trigger|stripping) determined on MC. The efficiencies are
calculated in the sequential order: e(LO|stripping),e(HIt1|LOAstripping) and e(HIt2|HIt1 A

LOAstripping).
MC after
Trigger line D'- K K* \ D= nt \ D' K n*
LOMuon on u 681% | 675% | 68%
TrackAl1LO on B 77.2% 77.5% 76.8%
TrackMuon on u 79.2% 78.8% 78.7%
HLT1 combined 88.5% 88.4% 88.1%
TopoMu2BodyBBDT on B 62.7% 64% 62.2%
TopoMu3BodyBBDT on B 58.6% 59% 56.9%
SingleMuon on p 33.7% 33% 32.8%
HLT2 combined 81% 82.4% 80.7%
combined trigger | 48.8% 49.2% 48.3%

Trigger
Our decay topology contains a muon in the final state, which are very efficiently triggered at
LHCb, see Chapter [2| for more details. The muon candidates can be reconstructed already at
the hardware level with the LO muon trigger with a momentum precision of 20 %. A trigger
configuration with the requirement on the transverse momentum of the muon pr > 1.76 GeV/c
E] is used. After the full reconstruction of B-decay candidates, it is checked that the according
B-daughter muon has fired the LOMuon trigger. In the software trigger (HLT) a trigger line is
used that selects tracks with good track quality and removes the ones with a very low transverse
momentum (pp > 1.6 GeV).

The reconstructed events have to pass a well-defined trigger setup. An efficient signal selection
is chosen with the triggers described below. All the selected trigger lines have to fulfill the trigger
requirement comparing the detector hits used with the selected signal particles. Thereby, only

candidates from the signal reconstructed decay B — ﬁ;ﬁ are used.
¢ For LO: The trigger requirement is directly on the muon (LOMuon on y).

* For HLT1: One of the reconstructed B-daughter tracks has to pass the TrackAllLO re-
quirements (TrackA11LO on one of the B daughters) or the muon has to fire the trigger
(TrackMuon on ().

¢ Finally, for HLT2: The Topological trigger lines [69]] are used, that takes into account the
B decay chain (TopoMu2BodyBBDT on B or TopoMu3BodyBBDT on B). Both lines are based
on a single displaced track and a significantly displaced vertex containing this track and
additional 1-2 other tracks. The multivariate BBDT E] algorithm is very efficient in selecting
the signal b-hadron events and works very robust, as described in Ref. [70]. Furthermore, a
single muon trigger is used (SingleMuon on y), without requirements on the D° daughters.

This trigger selection keeps about 49% of the signal events selected after the stripping (Tab. [5.5).
However, looking at the data the efficiency of our trigger selection with respect to the stripping
and all the triggers currently available at LHCb, efficiency is about 75%. These numbers are
consistent for different channels. This actually means that a fraction (1— % ~ 0.35) of events that

6For 2011 trigger configuration, the threshold was pp > 1.48 GeV/c but the momentum was not correctly estimated. The
solution to correct for this effect required an emulation of the trigger and further momentum selection of p > 1.64GeV/e,
reducing the yield by 7%.

"Bonsai Boosted Decision Tree algorithm
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Table 5.6: Different trigger efficiencies determined on data with respect to events passing the stripping
selection and any available triggers. The efficiencies are calculated in the sequential order:
e(LO| stripping A any trigger), e( HIt1 | LO A stripping A any trigger) and e(HIt2 | HIt1 A LO A
stripping A any trigger). The HLT2SingleMuon line has a prescale of 0.5.

2011 data after

Trigger line D' K K* \ DY g gt \ D' K rn*
LOMuon on p 81.5% | 80.7% | 81.0%
TrackAl1lLO on B 88.6% 89.4% 88.8%
TrackMuon on u 81.5% 80.9% 81.4%
HLT1 combined 97.5% 97.6% 97.6%
TopoMu2BodyBBDT on B 66.6% 66.9% 66.8%
TopoMu3BodyBBDT on B 56.1% 57.9% 56.3%
SingleMuon on p 19.3% 17.9% 18.8%
HLT2 combined 85.9% 87.1% 86.6%
combined trigger 688% | 69.1% | 68.9%
2012 data

Trigger line D'- K K* \ D=t \ D' K rn*
LOMuon on p | 854% | 845% | 84.9%
TrackAl1lLO on B 86% 86.7% 86.2%
TrackMuon on u 87.5% 86.8% 87.3%
HLT1 combined 98.5% 98.6% 98.4%
TopoMu2BodyBBDT on B 68.9% 69.1% 69.4%
TopoMu3BodyBBDT on B 62.2% 64.1% 62.4%
SingleMuon on p 20.4% 19.1% 20%
HLT2 combined 87.6% 88.9% 88.4%
combined trigger | 787% | 41% | 139% |

could pass the stripping are not triggered by any of the triggers (note that this is MC). For data,
the contributions of every trigger line can be found in Tab. The triggers are chosen not only to
maximize the efficiency but also to keep enough events in the upper decay time region, since the
covering of a large decay time region is necessary for the precision on Ar. They are validated and
commonly used in other LHCb analyses [71], [72]. Fig. shows the time dependence of the
different trigger efficiencies. HLT1 and LO trigger selection have no big time dependence. For Hlt2
triggers there is a decrease in efficiency for larger decay times visible. This also propagates into
the final selection. The main reason for this are the TopoBody triggers, which preferably group
muons and the D decay products to one vertex. This leads to a decrease in acceptance at higher
decay times. However, this effect is studied and has no influence on the measurement of Ar. This
assumption is based on the fact that acceptance is caused by effects in the trigger that do not
dependent on the muon charge. It is validated at our precision level on simulation and in Chapter
by measuring Ar in the D?— K~ 7" control sample.
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Figure 5.4: Time dependence of relative trigger efficiencies in simulated events, shown for DY K~K*,
DO~ g gt (up) and D%— K~ 7" (down). Shown is e(LO|stripping), e(HIt1|LO A stripping),
e(HIt1|HIt2ANLOAstripping) and full trigger efficiency e(LOANHIt1 AHIt2|stripping) versus

true decay time.
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5.3 Offline selection

The datasets used in this analysis are required to have a proper data quality flag. Especially, all
the sub-systems should be flagged as good. For 2012 data all the run numbers below 114000 are
excluded, due to possible asymmetry biases in this dataset.

Finally, after stripping and trigger cuts the significance of the signal yields are optimized. All
the variables that have an impact on reducing the background have to be considered in offline
selection. However, it is avoided here to use variables strongly correlated with D° decay time not
to decrease the sensitivity on Ar. More details on the selection quantities and their separation
power can be found in Appendix[B.11} The default selection that we introduce here is a cut-based
method. It is applied to the variables with the highest separation power. The separation power of
the variables is shown in Tab.

To remove kaon and pion (K < 7) misidentification, PID cuts on the DLL values are applied.
The optimal value is chosen maximizing the significance S/v/S + B. For the D® — 7~ 7+ channel this
resulted in a slight increase in the DLL cut with respect to the stripping. One small background is
coming from the JAy (1S) and y(2S) resonances decaying into two muons, where one of the muons
can be reconstructed as a pion or a kaon. To remove it, one combines the muon from the B decay
with the D° daughter with the opposite charge under the muon hypothesis. Requiring the kaon or
pion to pass the muon stations with additional isMuon flag, and the invariant mass m(u*u~) to
be inside the mass windows € [3040,3155]MeV/c? or [3630,3745]1MeV/c? gives us an efficient Jhy
and W(2S) veto. Additionally, for the same charge combination a peak at 2xm(u) is visible. These
are cloned tracks which have the same momentum. They are vetoed requiring invariant mass of
M(up) > 240MeV/c?. The impact of these two vetos is shown in Fig. All 3-body B decays are
suppressed with a cut on the maximum invariant D°-u mass of the B candidates of 5GeV/c2.

For the final selection, events with negative reconstructed decay time are removed, since
they do not contribute significantly to the measurement of Ar, however, have a high background,
especially in the D° — 7* 7~ channel. The full offline selection is shown in Tab.

The final efficiency and yield numbers of the offline selection are determined with respect to
stripping and trigger selection (Tab. . The efficiency numbers are similar for D° — K~7* and
D% — K~K* channel but are lower in case of D® — 777", since we apply a slightly harder DLL
cut there. The time acceptance of the offline selection shows no further time dependence, which
would have an impact on the Ar significance. Removing events with negative decay times leads to
a small drop in efficiency at very low decay times. The relative offline selection efficiency stays
flat for higher decay times (Fig. [5.6).

Finally, to visualize the improvement of the offline selection Tab. shows the final signific-
ance gain that is directly proportional to the significance gain on Ar. In D° — K~K* we obtain a

Table 5.7: Offline selection on top of the stripping and the trigger requirements. For the final result the
decay time cut is tightened further.

Variable D'~ 5t | D' K K*
pr(DY) >0.5GeVic | >0.5GeVie
pr(w) >1.2GeVie | >1.2GeVic
¥2(IP) of muon >9 >9
DLLg, of D daughters <-2 >17
M(B) <5GeV/c? | <5GeVic?
7(D°) (final) >0.0ps >0.0ps
Jhy veto(see text) yes yes
clones veto(see text) yes yes
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Figure 5.5: Mass combinations under the muon hypothesis right after stripping. Combination of same and

opposite charges are shown. In green the veto on the clones and i

n red the removed Jhy (1S)

and w(2S) resonances for D~ KKt (left) and D~ x (right candidates in data.)

Table 5.8: Offline selection efficiencies with respect to the stripping and trigger selection. In brackets for

the datasets also the signal yields of D mesons are shown.

offline selection efficiency and signal yie

1ds

Sample | D°— K K* \ D= gt \ D' K n*

2012 [ 79.7% (1.57M) | 72.9% (0.56 M) | 77.8% (7.77 M) |
2011 [ 80.4% (0.67 M) [ 71.5% (0.23 M) | 77.8% (3.54 M) |
MC \ 83.1% \ 73.6% \ 80.6% |

gain of: 2-3% and in D° — 7~ n": 24-27% in significance.

Table 5.9: Improvement of the offline selection. Shown are significances defined as

\/s% in the My €

{1815,1915} MeV/c2 mass window. The value in brackets shows the significance value of the

stripping and trigger selection.

Significance of the offline selection

Sample | D°-K K~ \ D' nr*
2011 [ 662(643) | 356(286) \
2012 [ 1028(1005) | 549(432) \

Further possible gain in selection are studied using the TMVA package (Appendix [B.11).
Compared to the full offline cut-based analysis, a gain of 4% in significance is possible in D? —

K~K* and about 3% in D° — n~ " exploiting a multivariate training.

For simplicity reasons,

however, the cut-based selection is taken for this analysis. Further improvements would require

an update of the stripping and trigger selections.
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Figure 5.7: Raw asymmetries determined on MC sample after the final offline selection. Shown for
DY~ K K*, D°— 77" (up) and D° — K~ n* (down). Here the samples B® and B* are
merged. Additionally, At is extracted and the uncertainty on the value is shown. The result
are consistent with having no time dependence.

5.3.1 MC raw asymmetries

Also, charge dependent effects are studied on MC. Figure shows Aggw versus true decay time
determined on MC after the full offline selection. A constant is fitted to the asymmetry time
dependence and probability determined from y? and number of degrees of freedom. This shows no
significant variations from the hypotheses that the asymmetry has no time dependence. Also the

B* and B? samples show no significant deviations. All the 3 channels are compatible with Ar = 0.

Combining all the 3 channels on MC gives
Ar =(0.012+0.082)%

and is also fully compatible with zero. In data, this dependence can be studied with even higher
precision in the D® — K~ n* channel and confirms this MC charge asymmetry study, for details
see Chapter
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Methods

This section describes in detail the analysis strategy and methods used for the determination of
the signal yields or directly of the raw asymmetries (AIC%?W) and their time dependence. Finally, a

method for extraction of the indirect CP violation is explained.

6.1 Methods for parameter estimation

Two main techniques are used for the parameter extraction; this is the maximum Likelihood and
the minimum y2 methods. Both are briefly derived here.

Maximum Likelihood

Maximum likelihood is an efficient method, which satisfies the consistency and with increasing
statistics can estimate the true parameter in an with arbitrary precision. One considers n
measurements of a quantity set X. Under the assumption that the underlying probability density
function 22.F(%|1) is known, where 1 parametrizes the several unknown parameters, one can
calculate the probability for such a result. The maximum likelihood method uses the following
Likelihood function

LW =[] 227 @ 1D). (6.1)
i=1

It gives the probability to obtain from the 292% the data %; (i = 1,...,n), if parameters 1 are
chosen. The maximum Likelihood fit obtains as the best estimator, the parameters that maximize
the Likelihood. Usually, this problem is transformed into a minimization problem, using the
negative logarithm. The function one needs to minimize to find the best estimator is

F)=-log L) =~y PDFG;|N.
i=1
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Minimum y2 estimator

In very typical case of a Gaussian PF (x;|u) = const-exp(—%(%)z), with the parameter u
as the mean of the distribution, the Log-Likelihood can be further simplified to a sum of X? =
(%)2, which is squared of the difference between expectation and measured value divided by its
uncertainty. Moreover, it gives the following y? to be minimized:

2
FA) = —10g££(7t)+ const = Z XZ—L
i

The method can be even further generalized using a general function f(x), as long the uncertainties
can be approximated by a Gaussian distribution. This works for a function f (x;|1), with a
measured value of fieas(x;) and its uncertainty oy, ..(x,), depending on the data point x;. For the
extraction of the estimator of A, one needs to consider the following quantity

fmeas(x;) — f(x; |71)

Ufmeas (%)

912 )2

min

=2F(M)=Y(
i
that needs to be minimized.

Minimization
The minimization of such a quantity (in case of both previously described methods) requires

E=0 for k=12,
oAy
for the estimator A = 1.However, one has to take care, that the obtained parameters are not in
a local minimum, but reach the global minimum (details Ref. [73]]). Especially, with a growing
number of parameters this requires a check that a real minimum is obtained. In most of the cases,
the Likelihood function is normally distributed around the estimator A. In a large sample limit
n — oo the Likelihood function is becoming more Gaussian and the variance V[A] — 0. This means
that & is hyper-parabolic and symmetric minimization function. Therefore, it can be estimated by
using

2

A 1 0“F o A
FN=FMV+=) ——1(Li=A)A;=A))+---.
M) =F( )+2§i’j Mi%u( i = ADAj = A7)+

The second derivative GG;; can be calculated

0’7 "
YT op00

Further, also the covariances (V;; = cov[A;,1;]) can be estimated by inverting the second derivative
matrix G

V(A =G

Using this, one can obtain the parameter correlations and their uncertainties. For an asymmetric
likelihood function, the parameters need to be further transformed or the phase space needs to
be scanned for the asymmetric uncertainty determination. Different minimization programs can
handle this, e.g. HESSE for symmetric uncertainties and MINOS for asymmetric ones. All of
them are part of the MINUIT package, Ref. [73]. Additionally, Mathematica, Ref. [74], provides
similar minimization methods.
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6.2 Mass fits

The D° mass resolution is dominated by the reconstruction and detector effects, e.g. momentum
resolution, Ref. [67]. The probability density function (22.%) used to model the signal mass
distribution consists of the sum of three Gaussians. The first two Gaussians have the same mean
p1 and different widths 01 2. The third one has a larger width o3 and a shifted mean p3 which is
able to describe a small asymmetric tail (e.g. coming from photon radiation).

- 3 1(m—p;\?
PDF 3 enai(MAgig) = ex p{ (—’) }
Signal sig lzi /_2”UL o;

Mo =p1,u3 =0y + 11,02 =80,°01,03=855°01,
c1=f1,ca=(1~f1) f2,c3=(1~f1)-(1-f2),

Astg {“176u701’302’8035f15f2}

Together with the fractions f; of the Gaussians there are seven free parameters for the signal
shape. Different other approaches that have less and more free parameters (e.g. Crystal Ball
function) are studied and show only a tiny impact on the measurement which is further described
in Sec. This Gaussian signal shape is used for all three analyzed modes D — K"K ™,
D°— 7~ 7+ and D°— K~ n*, however with an individual set of parameters for each mode.

Different possible backgrounds are studied that could peak in the mass region exploited in the fit,

e.g. multi-body D° and B decays with mis-identified particles or missing particles in the final state.

No peaking structure is found inside the considered mass region. To model the combinatorial
background an exponential function is used

PDF comb vhg(MIAprg) = N -exp(ma), Aprg =1{al, (6.2)

with decay constant @ and normalization NNV in the mass window of the fit. In Sec. different
background models with more and less parameters are studied and no significant impact on the
measurement of At is found. For the D? — n* 7~ channel there is a visible contribution from
K reflection in the D° invariant mass below 1820MeV/c2. In the D? — K*K~ channel, the Kn
contribution is negligible. Therefore, for the D® — 7+ 7~ channel this component is modelled with
a Gaussian function:

PDF Kref.okg M| Arefl.bkg)s Areflbhg = trefibkgsTrefibhg) (6.3
The total 2% has the following form:

PDF i+ k-orkn(MIA) = Niig - PDF 3, gnat(m|Asig) + Norg (PDF comp ohg(mlAprg))  (6.4)

PDF ontn-(MIN) = Nsig - PDF 5ignat(m| Asig)+ Nopg - (L= fref1.opg) PDF comb.bhg(MiAprg)
+ (fref1.ong) P DT ref1.ohg(MIArefibrg))
Finally, to extract the signal yields Npoy,, and Npgo, the data sample is split into u~(D°)

1-ARAW
and p*(D°) tagged events. The yields can then be parametrlzed as N+ =17 ALz —Ew Ny . Assuming

different mass shapes for D? and D° events the number of parameters would double: 1= {)L*,)L*}.

However, several parameters that do not depend on the tag are chosen to be the same for both
samples, which improves the sensitivity of the fit. The simultaneous parameters are all the signal
shape parameters (01,54,,503, 41,04, 1, f2), except the overall normalisation. These parameters

for the D° mass shape are the same since since the final states KK and 77 are charge symmetric.

With this parametrisation a simultaneous unbinned extended maximum likelihood fit is performed
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Figure 6.1: Full data sets after the final selection, 2011 data (on top) and 2012 dgta (on bottom). The
invariant mass distribution is fitted for u_(DO)-tagged (left) and for ,u+(D0)-tagged candidates
(right). The pulls are shown below.

to extract the final global time integrated parameters for the D° - K"K+ and D°— K~ n" decay
modes: R
/lglobal = {Ag]éwya-lysUQ’80'3’,‘1'156[Jyf1’f25A;kg’/lgkg}a (65)

and for D° — 7~ 7" respectively:
- _(ARAW ing fug + + _ _ -
/lglobal = {ACP ’01’302’303’“1’6ﬂ’f1’f2’}Lbkg’Abkg’frefl.bkg’Arefl.bkg’frefl.bkg’/lrefl.bkg’}' (6.6)

The extracted parameters are listed in Appendix For the D° — K™K ™ channel the fit results
are shown in Fig.

The fit results for the D — 7~ 7" channel are shown in Fig. For both tags the pulls under the
mass peaks illustrate an appropriate signal model description and also the background sidebands
region is described well by the background 2294 .

The fit results for the control D — K~ 7" channel are shown in Fig. Small structure in the
pulls is visible due to larger statistics. However, this has no impact on the extracted asymmetry
(see Chapter [8).

The same procedure can be extended to extract the parameters also in bins of the D° decay time.
However, many of the parameters remain constant and have no impact on A¢cp and are thus fixed
to the values obtained from the global fit.
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Figure 6.2: Full data sets after the final selection, 2011 data (on top) and 2012 data (on Eottom). Invariant
DO mass is fitted for D® — n~nt, left for ,u_(DO)-tag and the right for ,u+(D0)-tag. The pulls
are shown below.

6.3 Raw-asymmetry fit in bins of time

To extract the asymmetry AgﬁW(ti) and their correct uncertainties, an extended unbinned fit is

performed for every ¢; bin. Thereby, Agﬁw(ti) is used as a parameter which comes out as a result

of a simultaneous fit of the y~(D°) and p*(D°) tagged sample. Since the amount of background
and its composition can change in time, the combinatorial backgrounds parameters used in the
fit are allowed to float individually for each decay time bin (e.g. in D® — K~“K* there can be a
background from D™ — K* n~ 7" where we miss a 7% that can change the background slightly
in time). Additionally, the mean ; and the widths o1 and s, of the signal shape are allowed to
float separately during the fit for every decay time bin. We expect small changes due to resolution
effects (e.g. introduced through multiple scattering) that can slightly change the mean and width
of events closer to the B vertex and therefore change the weight and the mean for small decay
times. Letting 11, 01 and s4, float in the fit covers also these effects. The full parametrization can
be then written in the following way:

-
fing /

) = (AGEY (2,010,805 ), 11 E), Ay (0, Az, (8,2 o) 6.7)

where A’glo pas 1S the subset of the global parameters of 1 gl_t;bal which is not varied individually for
each time bin.

For the D°— 7~ 7" channel additionally the fraction of reflection background fr b kg.(ti) and
fre flbk g.(ti) vary for each decay time bin. The time dependence of all non-global parameters is
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Figure 6.3: Full data sets after the final selection, 2011 data (on top) and 2012 data (on llottom). Invariant
DO mass is fitted for DY — K~ 7", left for ,u_(DO)-tag and the right for u+(DO)-tag. The pulls
are shown below.

studied in Sec. [

6.4 Extraction of A

The time-dependent raw asymmetry can be written in the following way and as described in
Chapter[3] it can be approximated by (see Appendix[B.6])

ARV (1) = Acp(0)+ Ay + Aprod (6.8)

; t
:Ag}f+AH+Apmd—Ar;. (6.9)

The time dependence of the asymmetries and mistags as well as the damping factor from mistag
probability is considered in Chapter 8] Therefore, the following linear function with two free
parameters is fitted to the dataset,
t
ABSW @ ABAW Ar)~ ARAW ~Ar-—. (6.10)
The D lifetime is fixed to T = 410.1 + 1.5fs [54] and has a negligible effect on the determination of
Ar, see Chapter g

The binning scheme is chosen to be fine enough not to loose in sensitivity. The bins at large
decay times have larger significance on Ar compared to the low decay-time bins. This is balanced
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Figure 6.4: Full method using raw asymmetry fits in bins of decay time applied on a toy MC sample
(generated with At = —2%, see Appendix for details).

through larger statistics at low decay times. Therefore, the scheme is determined in a way, that
every decay-time bin has roughly the same sensitivity, see Appendix

Due to the exponential decay time distribution the mean of the decay-time bins < ¢;,, > are
closer to the lower decay time bound. A fit to the combined D° and D° samples is performed in
each decay time bin and the mean determined using the sWeights procedure [75].

E wy, -ty

¢ i

<tpin; >= o (6.11)
Y wg

tebin;

Finally, after obtaining the average decay time of the bins, a y? fit of the raw asymmetry (see
Eq. is performed and Ar is extracte(ﬂ

This method is robust and sensitive to Ar. For clarification of the presented method, Fig.
shows the results of the full method chain applied on a toy MC (generated Ar =-2%). The valida-
tion of the method is documented in Chapter[8|and the results are discussed in the next Chapter

1Fit:ting a linear function directly rather than using a binned approach has negligible effect on the determination of
Ar to the level of precision we want to achieve (see calculation in Appendix
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Determination of indirect CP asymmetry

This chapter presents the fit results determined on the 2011 and 2012 data samples. The analysis
is done blinded, see Ref. [76]] for general blinding technique . Up to the final analysis validation,
the sign and the extracted value of Ar were hidden to the author, see Appendix[A.T]for details
about the blinding procedure. After the approval, the following unblinded results are obtained
and presented in this thesis.

7.1 Fit of the D°/D° mass distribution in bins of decay time

The fits to the mass distribution are used for the signal yields extraction. They are performed
simultaneously to D® and D° mass distributions in 50 decay time bins. [!| The used model, its
parametrization and further details are described in previous Chapter [6] Each result of the
minimization is validated and presented in this section.

Looking into all time bins, channels and datasets (50-3-2 = 300 bins) the chosen model
describes the data reasonably well. Figs. show the projections of the fits for five decay
time bins for D° and D° mass distributions separately for D° = K“K* and D° — n~ 7" signal
candidates in 2011 and 2012 data. All the other mass fits show similar good description of the data.

Further, the time dependence of the determined parameterization is studied. The mean value of
the first two Gaussian distributions (1 2), the average mass resolution < o My >, the average of
the combinatorial background parameter for D° and D° decays A = "ﬁ% and the ratio of signal
to background candidates N;4/Npzg together with other parameters are studied. Additionaly,
this results are also verified with simulation. The used method can determine the expected decay
time dependencies fit parameters, which e.g. can not be handled by the sPlot technique [75]. In
Appendix [A.5|the evolution of several parameters determined on data is vizualized. Further, the
bin-to-bin fluctuation is rather small, which confirms a rather stable fit model.

The y2 of the fit to each mass bin is calculated and shown in Fig. and The number of D°
and D° mass bins is 50. Therefore, the total number degrees of freedom is ndf =2 - 50 —nd fmodel-
The y%/ndf values are fluctuating around 1. The p-values, Prob(y2,ndf), of the mass fits have
a flat distribution for both the KK and nw channels. This confirms that in all decay time bins
the model works well. The D° — K~ n* channel has a more than 5 times larger statistics,
therefore as expected small differences between the data distribution and the fit function become

IFor the choice of the bins see Appendix
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visible. Looking at the y?/ndf time dependence it increases for the lower decay time bins, which
have higher statistics. It however stays below a y2/ndf of two. The corresponding probability
Prob(y%,ndf) distribution shows a slightly larger fraction of fits with lower probability (Fig. .
This has, however, a negligible impact on the asymmetry as it affects the extraction of the D® and
DO yields in the same way.

7.2 Raw asymmetry fit results and statistical significance

Simultaneous fits to the D° and D mass distributions as described in section [6] are used to
measure the yields in each decay time bin. A y2 fit is performed fitting a linear function to the
decay time dependence of the raw asymmetry AR}f‘W(t). The outcome of these fits is shown for the
D%~ K~K* and D°— 7~ n* channel in Fig. and Fig. The fitted function describes the
time dependence very well in both channels and in both data sets (y2/ndf = 1). A cross-check on
the D° — K~ n* sample is additionally performed. Fig. shows the result of this fit to the raw
asymmetry. Here, AIC%?W is expected to be time independent. The effect of different momentum
distributions of the D° mesons and muons, that can cause a change of the detection asymmetries
in time, is negligible for our current sensitivity (see section[8.2). One can see that the data are well
described by the fitted function. The result is in good agreement with the expected flat distribution
and the A¢p offset is consistent with previous measurements.

Beside the y?/ndf and its fit probability Prob 12( 12, ndf) also the Kolmogorov-Smirnov prob-
ability Probg_s, which is more sensitive to the overall agreement of the shape of the data points
and the fitted function is determined (see Appendix [B.I). The results of all fits are summarized in
Tab. The model used for the extraction of Ar describes well the data in both channels and

Table 7.1: The measured Ar values (Unblinded), the offset of the raw asymmetries and the
goodness of the fit values for the 2011 and 2012 data sets.

2011 data Arl[%] AESW(0)[%] | x*/NDF | Prob,: | Probk_gs
D'— K K* -0.069+0.145 | -0.443+0.213 | 35.8/48 | 0.904 0.687
NS -0.346+0.273 | -1.117+£0.399 | 41.8/48 | 0.724 0.877
D°— K~ n*(check) | -0.052:0.060 | -1.650+0.089 | 70.6/48 | 0.018 0.687
2012 data

D’—-K K* -0.160:£0.091 [ -0.586+0.136 | 45.8/48 | 0.565 0.501
D—n m* 0.008+0.172 | -0.613+0.254 | 44.5/48 | 0.615 0.673
D°— K n*(check) | 0.033+0.038 | -1.448+0.056 | 45.7/48 | 0.566 0.951

Ar(K"K*)=(-0.134+0.077)% ,
Ar(nn)=(-0.092+0.145)% ,
Ar(K n*)=( 0.009+0.032)% .

The final results are presented in Chapter 9

data sets. Combining the data sets, the results obtained in the three decay channels are
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Figure 7.2: Examples of mass fit projections for D° (left) and D° (right) signal candidates for the
decay D° — KK for 2012 data.
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Figure 7.5: y2 of the D and D° mass fits vs. decay time (left) and their probability distribution
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Figure 7.6: The y? value of the D° and D° mass fits vs. decay time (left) and their probability
distribution (right) for 2011 (top) and 2012 (bottom) data in the D° — nx channel.
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Figure 7.7: The y2 value of the D° and D° mass fits as function of decay time (left) and their
probability distribution (right) for 2011 (top) and 2012 (bottom) data in the D° — Kn
channel.
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Systematic uncertainties

This chapter concentrates on a detailed description of the systematic effects that can influence
this measurement. LHCb data sets, full MC simulation and toy MC simulation are used to
quantify and visualize the possible biases on Ar. Furthermore, several cross checks are performed
to confirm the stability and robustness of this analysis. The current analysis significance is
dominated by the statistical uncertainty as will be shown in this chapter. A summary of the
systematic uncertainties is given in Section |8.13

8.1 Fitter validation

For the verification of the full fitting procedure with simultaneous fits of the D® and D° yields in
different time bins and the final y? fit of the slope, a toy model was introduced. Modeling the D°
and D decay time distributions as a function of At requires the use of the average DO lifetime
(< 7>=410.1+1.5fs [54]). Additionally, acceptance functions and background distributions as
found in data are used for this simulation, see Chapter. [5| The following studies are based on 1000
toys with 4M events each. Different binning in decay time have been investigated. Figure
shows the extracted Ar and the pulls using the default fitting procedure with a binning scheme of
50 bins. The bins are chosen to have roughly the same statistical impact on Ar. This procedure
is further described in Appendix The fitted Ar value is found to be in agreement with
the generated value of Ar = —0.3% and also the mean of the pulls is consistent with zero and
their width with one. The default method using the asymmetry shows no bias and is independent
from the binning. Also alternative methods have been studied in Appendix Choosing coarser
binning, however, results in less precision. Choosing finer binning on the contrary results in less
stable fits due the lower statistics in each decay time bin. As a compromise a binning scheme
of 50 bins is chosen for this analysis. The obtained resolution is within statistical uncertainties
comparable to the finer binning with 180 bins.

To give an upper limit of any potential bias on Ar from the fit method a toy model with
Ar =0 is generated. Thereby, the full decay-time resolution is taken into account and used in
the generation. Details are described in following Sec. [8.3] where the impact of decay-time
resolution is studied. This value of At is chosen to separate the bias from the fit method from a
resolution-induced bias, which is proportional to Ar. The fitter can extract again the Ar value
without a bias at a 0.002% sensitivity level, as shown in Fig. Thus, an uncertainty of 0.002%
is assigned for the fitting method.
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8.2 Detection and production asymmetries and kinematics

Under the assumption that A, and A .4 are time independent we derived the following relation
of the raw asymmetry and the physics asymmetry (Eq.

ABSV (1)~ Acp(t) + Ay + Aproa.

However, a time dependence can be introduced, if there is a dependence of the asymmetry related
to the kinematics. Different momenta spectra in different decay-time bins can cause a decay-time
dependent asymmetry. To study this effects, the D° and u transverse momentum spectra are
plotted in 6 different decay time bins (Fig. Fig.[8:4):

bing € [0,530) infs (8.1)
bin, € [530,832) infs

bing € [832,1132) in fs

bing € [1132,1508) in fs

bing € [1508,1773) in fs

bins € [1773,5000) in fs

The distributions are rather similar, however slightly lower transverse momenta for the D°
and p are observed for higher decay time bins. This could be caused by effect from the trigger,
reconstruction or selection. To evaluate the impact of this difference we reweight the events in
each decay time bin i to match one reference bin.

Whinei (P, ) = Pretpin(pe)

IR Prinei(pe)
These weights are directly calculated from the histograms in Fig.[8.4] and Fig. Applying these
weights to the data and repeating the fit for At on the reweighted samples results in a shift AAr:

(8.2)

AArp = |ATEVEIERY _ g default) (8.3)
These shifts are determined using in turn as reference the distribution of D° and u transverse
momentum in each of the 6 decay time bins listed above. Beside the transverse momentum of
the D°-meson and the muon, further distributions (e.g. momentum, ¢) for reweighting have been
studied. However, negligible effects have been observed for them. The largest difference observed
among all D° and y transverse momentum reweightings are

D°— K K" : AAr(kinematics) <0.0174% (8.4)
D°— 777zt : AAr(kinematics) <0.0400%
D'~ K rn*: AAr(kinematics) <0.0098%

All the results of reweighting for the three different decays are listed in Appendix[A.4] Tabs. [AT]
and Since these numbers are statistically dominated, we assign the
largest difference from the (higher-statistics) D — K~ 7" mode as the systematic uncertainty.
This is justified by the fact that the production asymmetry is basically the same in each mode,
and the fact that the detection asymmetry is largest in the D° — K~ 7" mode. Further, as will be
shown in the Section [8.11]by enlarging the detection asymmetries when using different magnet
polarities and also looking at different ranges of B decay times shows consistency between the
results.
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Figure 8.3: Transverse momentum spectra for D% and u in different DY decay-time bins for 2012 data.
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Figure 8.4: Transverse momentum spectra for DY and u in different DO decay-time bins for 2011 data.
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8.3 Decay time resolution bias

The decay time resolution o; is expected to have a tiny impact on the measurement if it is small
enough % << @(1). Although, the resolution is the same for D® and D° events and it does affect
the observed time scale and therefore, the measured Ar value.

Simulated events with B® and B* decays have been studied to determine the parameters of the
resolution function. Both the reconstructed D° and the muon are required to be associated with a
true D° and a true muon. Both particles are however not requested to be the direct decay products
of the same B meson. Thus, as well candidates where the D° comes from one B meson and the
muon from the opposite B are considered for the resolution determination. These fake candidates
have a wrong flavour tag and are thus as well taken into account in the systematic uncertainties
assigned to the mistag rate studied in one of the following sections. Their contribution is in any
case found to be small. Additionally, B — D°7X decays with subsequent 7 — pv:vy are included.
They give the correct tag but the decay time resolution is worse and introduces a bias on the decay
time. These type of events are studied separately in Appendix They have as well only a
minor impact on the measured asymmetry.

The decay time resolution model used in here consists of the sum of four Gaussians. The center
of the first three is fixed to the same value, while the fourth one is used to describe asymmetric
tails, see Appendix The majority of the events (90%) is described by the first two Gaussians,

calculated using their widths and fractions o4y, =1/Y; fi 0'?, with about 04, =~ 103fs average decay
time resolution.

The resolution parameters derived from these Monte Carlo samples are the basis for the
subsequent systematic studies. Figs. [8.5] show the obtained parameters for both channels.
The average resolution for D° — K“K* and D° — 777" events is very similar. The extracted
parameters show that in the D®— 7~ z* channel the core resolution is smaller but larger tails are
included. The extracted resolutions are varied by + 10% to mimic potential data/MC discrepancies.

The impact of the resolution model is studied in different ways. First, the theoretical decay
rates are convoluted with the resolution function and the effect on the measured Ar value is
derived mathematically. This method is further confirmed through a toy Monte Carlo studies that
are performed, as described in previous Section [8.1]. Finally, also a data-driven approach is used
that shows consistent results. These studies are described in the following.

For the extraction of the impact of the resolution on Ar measurement, the following parameters
are used.
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Figure 8.5: Resolution determined on full MC simulation, for D~ K K* decays (left) and DO— g nt
decays (right).
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Ar | A%+ Ay+Aproall] | D) | scales, |
-0.3...0.3% | —0.05% | 410.1fs | 0.9,1.0,1.1 |

In the next step, the theoretical decay rates of D? and D° are convoluted with the default resolution
function. Additionally, the widths of all four Gaussians are scaled by 1.1 and 0.9. Afterwards,
the raw asymmetry can be calculated for all three scenarios based on these functions. To mimic
additionally the effect from binning in decay time, the theoretical decay rates convoluted with the
resolution function are integrated within a decay time bin for the D° and D° distribution. The
asymmetries are thus calculated per bin from these yields. Then, a linear fit is performed to the
decay-time dependent asymmetry. This method will in the following be referred to as binned fit.
Figure shows these results separately for D° — K*K~ and D° — n*n~ decays with a
generated value of At of 0.1%. As both channels have very similar resolution functions, hardly
any difference in the size of the bias on Ar is found.
The core resolution has the main impact on the raw asymmetries at low decay times and the tails
of the resolution have the main impact at higher decay times. Due to the underlying exponential
distribution, more events are shifted from lower to higher decay times due to resolution effects, as
the other way around. The absolute bias

AAp = Ale_stimator _A?rue (8.5)

depends on the true value of Ar. To calculate this dependence, a binned fit to the asymmetry is
performed with different Ar values as input. The bias is found to be proportional to Ar. The
difference in the resolution function for the both channels under investigation turned out to result
in a 15% effect on the bias (Fig. [8.7).

Additionally, 1000 toys (with 4M events each) with all parameters as determined from data
are generated for different At values. This results can be found in Appendix Fig. [8.7]the
determined values and their uncertainties. The observed biases on Ar value are consistent and
compatible with the calculation of the first method.

IThereby the absolute shift of A‘ég +Au+Apr.q. has negligible impact on the Ar extraction, since it shifts the
asymmetries in all time bins and has no impact on the resolution effect that shifts events between the time bins.

- AW - A RV
resolution model MC resolution model MC
0.005 [ o binned resolution model 0.005 ® binned resolution model
- fit to binned model - fit to binned model
0.000 resolution model +10% 0.000 - resolution model +10%
2 -0.005 E =0.005 [
= —0.010 = —0.010F
-0.015 —=0.015
~0.020 I I I I I ~0.020 I I I I I
-1000 0 1000 2000 3000 4000 5000 —-1000 0 1000 2000 3000 4000 5000

tin fs t in fs

Figure 8.6: Ag?w dependence for different resolution models for DY — K™K+ (left) and D® — 7~ decays
(right). In blue - the initial asymmetry is shown, assuming no decay time resolution effects. In
green - the resolution function derived on MC is applied. The blue band denotes the uncertainty
changing the resolution by + 10%. The black points include additionally the effect of binning
in decay time for the default resolution model. In red - the fit to these data points is displayed.
A true At value of 0.1% has been chosen for all distribution shown in this plot.
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Figure 8.7: The bias on AAr due to resolution effects as function of Ay value. Points are extracted using
1000 toy Monte Carlo runs with 4M events each, using the second method. In red: the bias
extracted from a binned fit on the asymmetry function, using the first method (for details
see text). In blue: the remaining bias after applying the resolution weights, using the third
method. The solid lines show the behavior for D° — K=K and dashed for the D° — 7~ n*
events.
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Figure 8.8: (a) Decay time distribution for different resolution: in black exponential, in red 100fs resolu-
tion, in green 200f s resolution and in blue 500f's. (b) Effect of resolution in weights applied on
a toy Monte Carlo sample.

Assuming that the per-event estimate of the uncertainties from the B decay tree fitter are
correct, a data-driven correction method to compensate for part of the resolution effects can be
applied. The D° decay time PDF-functions are shown for different uncertainties in Fig. .

Therefore, depending on the resolution one can give to each event a weight and correct the
distribution to match back to an exponential distribution. This means, events that are potentially
shifted from low decay times to high decay times due to resolution effects should obtain a smaller
weight compared to precisely measured events at high decay times.

exp

weight(t,0¢) = ——— (8.6)
gauss ® exp

exp(—%)

2

o,

L —¢
Ve, V2

exp(Z ;;Zt Yerfe(

2

2
2 97 _y
exp(g5y Jerfe( Toor )

with erfe(x) = 1 —erf(x) = 2 f ~ exp(—t2)dt (8.7
VT Jx

Notice, the cancellation of the time dependence % that can be different for D° and D°. This
is the reason for the bias at high decay times. The term exp(—%) is not present anymore in the
weight function. The remaining term contains no % but a % term. This term is responsible for the

bias on the asymmetry at low decay times. Using true effective lifetimes for D° and D° separately
to derive the correction, the bias would be completely removed. However, we are blinded to this
value. We use 7 ~410.1fs [54] instead and thus keep a bias. The impact of the weighting using
our resolution model is shown in Fig. [8.8b. Where one can see that the tail at high decay times is
removed but also the remaining resolution effect is shown. For comparison, the bias using these
weights are compared to the bias applying no correction in Fig. The following Tables
and show the result obtained from resolution reweighting of 2012 and 2011 datasets. In
all three channels the difference between applying the weight and applying no weights is small.
The shift in Ar in D®— K~K* decays is AAr = —0.0094 + 0.0210%. In the D°— 7~ 7* channel it
is AAr = 0.0386 + 0.0627%. For the control channel D? — K~ " the resolution has an effect of



80 Systematic uncertainties

Table 8.1: Impact of resolution on Ar after applying the resolution weights on 2011 and 2012 data in
DY— K~K* channel. AAT denotes the difference to the default Ar weighted mean of 2012 and
2011 data without reweighting. The default At is set to 0 since it is blinded.

AZVO%] | AAr[%] AZZY 0)1%] AAr[%]
resolution 2012 || -0.579+0.14 | —0.029 £ 0.094
resolution 2011 || —0.482+0.22 | 0.0422+0.151

weighted mean from 2011 and 2012 fits -0.545+0.114 0+0.077

A with corrected uncertainty o = \/U2weights —020an | —0.006+0.0304 | 0.009+0.021

-0.5651+£0.118 0.009 +0.080

Table 8.2: Impact of resolution on Ar after applying the resolution weights on 2011 and 2012 data in
DY— 7~ 7" channel. AAr denotes the difference to the default Ay weighted mean of 2012 and
2011 data without reweighting. The default At is set to 0 since it is blinded.

AFZVO)N%] | AAr(%] ABAV(0)%] | AArl%]
resolution 2012 || —0.422+0.281 | 0.167£0.187
resolution 2011 || ~1.20.431 | —0.279£0295 | -000+0-235 1 0.039:0.158

weighted mean from 2011 and 2012 fits -0.766+0.214 | 0+0.145
A with corrected uncertainty o = \/Ui)eights ~020an | —0.111£0.097 | 0.039 +0.063

Table 8.3: Impact of resolution on Ar after applying the resolution weights on 2011 and 2012 data in
D%~ K~ n* channel.

AZSVOI%] | Arl%] AZSVO%] | Arl%]

resolution 2012 || —1.49+0.0576 | 0.0381+0.0382

resolution 2011 || —-1.68+0.0907 | —0.0761+0.0613
weighted mean from 2011 and 2012 fits -1.51+0.048 | 0.00927 +£0.0318

A with corrected uncertainty o = \/ai cights ~Omean | —0.04£0.010 | 0.00308 +0.006

-1.55+0.049 | 0.006 +0.032
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AAr =0.0031+0.0060% on Ar. The absolute values determined on data are consistent with the
expected impact on At from simulation.

As pointed out earlier, this method only corrects for effects at high decay times (where the
contribution from the unknown effective lifetime 7 are negligible). Hence the total bias on Ar due
to resolution effect coming from effects at low decay times is extracted from Fig. depending
on the true Ar value. Within the x-axis range, the bias in Fig. [8.7) can be compared with the
extracted shifts on data by reweighting. They are well in agreement with our expectations within
the uncertainties. However, the uncertainties extracted from simulation are more precise.

The final systematic contribution from resolution effect is determined from simulation. Fig.
shows the extracted linear dependence. Additionally to the previous figure, also the uncertainties
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Figure 8.9: The bias on AAr due to resolution effects as function of At value. In red the bias extracted
from a binned fit on the asymmetry function in the D%— K~K* channel, in blue for D% — 7~ n*
channel. The uncertainty bands show the impact by changing the resolution by +10%

from changing the resolution by +10% are shown.
The linear bias dependence on the true Ar value is parametrised in the following way

A%stimator =1+ u)A}rue (8.8)
AAp = Ale_stimator _A‘{_rue :uAi;_rue' (8.9

This notation is also further used in the next sections. Using this parametrization, one obtains
the following final multiplicative systematic parameters for the resolution.

Table 8.4: Extracted multiplicative parameter u.

Channel ‘ Multiplicative parameter u
DY K K* | (-0.085+0.017)
D%~ mt | (-0.073+0.016)
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Figure 8.10: D° production asymmetry varies with B decay time in a toy Monte Carlo.

8.4 Acceptance factorization and contribution from B mix-
ing

The asymmetry in the number of D° mesons at D? decay time ¢ = 0 is inherited from the B
production asymmetry. For D® mesons from charged B meson decays this asymmetry is expected
to be constant with B decay time. Further, for D° mesons from neutral meson decays it varies in
time as shown in Fig. due to B%-meson oscillations. Therefore, B decay time acceptance has
an impact on the average D° production asymmetry.

From physics we expect that B decay time and D° decay time are uncorrelated. But for
example due to requirements on the displacement of the D® daughters from the primary vertex a
bias can be introduced if the acceptances do not factorize:

acc(tp,tp) #acc(tp) xacce(tp).

To study this effect, B decay time distributions in bins of D decay times are determined in MC
(Fig. [8.11). There are small differences observed.

Now these distributions are used as an input to a toy with B® decays only. It is generated with
the following parameters:

Ar | A% | ApostAy |15 | Am
0.1% | -0.05% | -0.04% | 1523 fs | 0.774/1

where Am is the B — B0 mixing frequency. Fig. shows the impact of the detector acceptance
and trigger selection. Mostly, asymmetries are shifted towards 0 as expected due to the oscillating
behaviour. After the overall binned y? fit a small bias Afactorize ~ 0.0066% on Ar is visible.
Including the charged B mesons, this effect even reduces.
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Figure 8.11: Different B decay time distributions calculated for different D° decay time bins.
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Figure 8.12: The green curve is the theoretical raw asymmetry curve without any acceptance and trigger
effects. The black curve takes the acceptances due to the detector geometry into account
(The step in this distribution is a result of limited MC statistics for the determination of the
acceptance correction.). For the blue curve additionally the trigger acceptance is added. The
black point is the same distribution as the blue one however sampled in decay time bins. The
red line is a linear fit to the black points. The difference between the input value of At and
the slope of the red curve are taken to quantify the systematics related to acceptances.
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8.5 Mistag decay time dependence

The raw asymmetry depends also on the mistag probabilities.
ABY ~ (1-20)Acp+ A, +Ap)—Aw
Thereby, following definitions have been introduced in section

WP’ = P(ﬁ(t)ag ID° AB,..) and WP’ = P(D?ag|D_0 ABrec)
Small time independent mistag probabilities (G(1%)) have a very tiny effect on the measurement.
In this section, time dependence of the mistag probabilities are studied. Both time-dependent
factors, the damping factor @(¢) and also an offset mistag difference term Aw(t), can have an
impact on the measurement of Ar.

Therefore, mistag probabilities wP” and wP° were determined in the flavour-specific D? —
K~ n" channel
B-D%~—  K'n~ ) ut X.
— —~—
confirmation (Den.) yged as tag (Num.)
From the charge of the D daughters D° — K*7~ (or D° — K~7*) one can check the D° flavour
and determine the mistag probabilities. The measured mistag probabilities in this channel are

defined therefore as:

| Nl AK 7))

DO

Wneasured = NEK*n) (8.10)
Do N(ufyo NE"T")

Wineasured = NE-7t)

Hereby, one has not only to take the Cabbibo-favoured right-sign (RS: D® — K~7*) but also the
wrong-sign component (WS: D° — K~7*) into account, coming from doubly Cabbibo-suppressed
decays and D° mixing; for details, see Appendix
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8.5.1 Average mistag w(t)

The result of the average mistag probability extraction is shown in Fig. To subtract the WS
decays, we use the results from the D° mixing analysis [77]. The wrong-sign ratio is

x2+y
4 1’

with Rp = (3.568 +£0.058 +0.033) x 1073, ' = (4.8 0.8 +0.5)x 1073, x2 = (5.5 +4.2 + 2.6) x 107°.
The wrong sign ratio has a relative big effect for small decay times. At larger decay times the
mistag probability dominates. At low decay times we have efficient cuts to get rid of mis tagged
DY and at higher lifetimes more mistags, relative to the right signal tags, can be associated. This
is related to the fact that most mistag candidates are combinations of a D° from a B decay which
is combined with a u from the opposite side B decay. A study described in Appendix shows
that this combination results relatively more often in long than in short (falsely) reconstructed D°
decay times. This can be simply explained by the exponential decay of the signal, whereas the
background decreases less steeply as a function of D° decay time. To model the time dependence
of the mistag probability an exponential with an offset, a * exp(At) + ¢, is used. Additionally, 1-c
bands from the fit are calculated and displayed in Fig.

The extracted parameters are:

/2t

R(t)ZRD"‘\/R_Dy’;"’ @&.11)

parameter ‘ value ‘ statistical uncertainty
a 7.39.-1073 0.54-1073
Alfs~1] 7.70-107* 0.29-1074
c -2.04-1078 6.03-1073

To study the impact of w time dependence on Ar, we are using the model parameters listed in
Tab. [8.5

From the fit to the binned raw asymmetry the impact on Ar from the extracted average
mistag probability is calculated. The result is shown in Fig. The time dependent average
mistag probability for the scenario with Ar =0.1% and D — K~K* channel from Tab. is used.
Afterwards, a toy simulation and a binned y2 fit is performed to extract Ag¢stimator,

This can be done scanning through the parameters in Tab. Following Fig.[8.15]is obtained,
which shows the difference AAr = A?Stimator —Atrrue vs. the generated Atrl"ue value for different

0.12

0.1

<m>(t)

0.08

0.06

—&— data

0.04

— D'-D” WS contribution

0.02

L ' L | L L |
0 2000 4000
tin fs

Figure 8.13: Average mistag probability extracted from the Kn channel. In red the expected contribution
from WS decays is shown.
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Table 8.5: Parameters used for different scenarios

Ar | A%+ Aprod. + Ay | @)
-0.3%..0.3% | -0.545% and -0.768% (+ 1-0 from KK and nr) ‘ a *exp(At)+ ¢ (+ 1-0 bands)

® binned Agp ™Y

[ — it to AW
0.01 - Ae™Y 1
i Acv+ Apa+ A,
0.00 b
g i
-4 L
g i
< i
-0.01 -
-0.02 b
Il I Il I I Il I Il

1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000

t in fs

Figure 8.14: Influence of the mistag time dependence on the raw asymmetry and the extracted Ar. In
green - the initial asymmetries. In blue - raw asymmetry with average mistag probability
from exponential fit, together with the 1o bands from the fit. In red - binned fit to the raw
asymmetry.

channels. The uncertainty bands are obtained from the uncertainty at each point on the average
mistag probability parametrization and the raw asymmetry offset extracted from data.

This extraction of the bias on Ar from the time-dependent average mistag probability can be
separated into Ar independent and a multiplicative part.

AZAV ()~ (1-20(t)(Acp () + Ay +Ap) (8.12)
t
=(AE2W(0) —Ar2)(1-20()
= ARAV (0)(1 - 20(1)) - Ar 2 (1 - 26(1)
_ T

———
multiplicative

independent.
The independent part depends on the raw asymmetry offset at t=0 (means: on the sum A‘éz +
Aproqd. +Ay). The multiplicative part depends on the true Ar value and shows a linear Ar
dependence (see Fig.[8.15). Following parametrisations of this parts can be used.

Agstimator _ v+(1+u) Alree (8.13)

AAp = Algstimator _A}rue — v+u A%rue
Therefore, the additive offset v and the multiplicative parameter u can be extracted from the fits
separately for KK and niw channels. The result of the fit is listed in the Tab. Similarly, for

the D° — K~ n* channel (we have here only additive part) one can calculate the additive offset
vz =0.0166%. The impact of the multiplicative part is evaluated and is also listed in the final
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Figure 8.15: The bias on AAr due to average mistag as function of Ar value. In red: for the D°— KK+
events. In blue: for the D® — n~n* events. The lines show the linear fit model, which
parameters are listed in Tab.

Table 8.6: Extracted additive offset v and multiplicative parameter u.

Channel ‘ Additive offset v [%] ‘ Multiplicative parameter u
D=7 n* | (8.45+1.08)1073 (0.0547 +0.0062)
D°—-K"K* | (6.06+0.71)1073 (0.0547 +0.0095)

systematics table. Additionally, the direct fit of equation Ref. can be performed on data. This
is summarized in Appendix [A.10] and gives fully consistent results compared to this simulation
toy study.
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Figure 8.16: Difference in mistag probability time dependence, extracted from the Kn channel.

8.5.2 Mistag difference Aw(?)

The time dependence of the mistag difference Aw(t) is determined on data as well. There is no
significant CP violation measured and expected in DO%— K~ n* channel (Refs. [60L[77]). Thus, one
can assume

AOmeqsured(t) = Aw(t).

The result of the binned linear y? fit on Aw(¢) is shown in Fig. The extracted value
is AAr = 0.0157 £0.0153%. It is consistent with having no time dependence. Aw(t) would
directly contribute to the slope Ar and therefore we use AAléw(t) =0.0157% as uncertainty for the
systematics.

8.6 Input lifetime knowledge

In Sec. [6] the procedure of Ar extraction is explained and Eq. is used. Thereby, the fitted
slope is ;—Aor. We are using 7 =410.1 + 1.5fs from PDG [54] for the final Ar determination. The
D

uncertainty on the input lifetime value results in the following uncertainty on Ar

AALK™ M — slope o, (8.14)
=ar-2t (8.15)
= Ar-0.366%. (8.16)
Assuming At ~ 0.1% we obtain
AAT ROV . 0.000366%. (8.17)

This systematic uncertainty is tiny compared to our statistical sensitivity.
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8.7 Uncertainty on the detector length scale

The accuracy of distance and therefore of decay time depends on the knowledge of detector and how
well the position of the modules in the VELO is known. The uncertainty on the longitudinal-scale
(z-scale) of LHCDb can be calculated as described in Ref. [[78] and is determined to be

O s—scate = 0.022%. (8.18)

This uncertainty scales directly with Ar. Therefore, an uncertainty due to this effect can be
obtained in a similar way as explained in Sec[8.6}

NG 5e = Ar-0.022%. (8.19)
Assuming At ~ 0.1% we obtain:
NG5 ~ 0.000022%. (8.20)

This systematic uncertainty is again tiny compared to our statistical sensitivity.

8.8 Model dependence

Several fit models for the signal and background in the D° invariant mass distribution have been
tested. For the signal these are

¢ default: sum of three Gaussian PDFs,

¢ sum of two Gaussian PDFs,

¢ and sum of a Gaussian and a Crystal BallPDFs,
and for the background

¢ default: Exponential PDF,

® polynomial 1st orderPDFs,

¢ and polynomial 2nd orderPDFs.

The best description in terms of y2/nd f of the mass fits is our default model (Sec. @) For systematic
studies all combinations of signal and background models are investigated. The results for the
different channels are shown in the Figs. The detailed Tabs. and [A.9]can be found
in Appendix The differences in Ar using different models to describe the D° invariant
mass distribution relative to our default fit are tiny. The largest one is taken as a systematic
uncertainty:

e DO K-K*: AAr(mass model) =0.0111%
e D%~ 7~ 7*: AAr(mass model) = 0.0074%
e D°— K- n*: AAr(mass model) = 0.0100%.
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Figure 8.17: Fit results performed on the same data set are shown. Different models for Ar are

used. Shown are (a) D°— K"K*, (b)) D°— n~n* and (¢c) D° — K~ n* decays. The
vertical line and blue band indicate the default At value together with its statistical
uncertainty only.
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8.9 Selection biases

Any time-dependent asymmetry coming from a momentum-dependent (detection or production)
asymmetry in combination with a momentum-dependent efficiency, is already accounted for in
the reweighting systematic as explained in Section[8.2] As shown in Chapter [5] Fig. the HIt2
selection has the largest effect on the decay time acceptance. A possible bias on Ar that could
arrise if HIt2MuTopoNBody lines have different, time-dependent efficiencies when positive or
negative muons are involved.

Any possible effect from the Hlt2MuTopoNBody triggers is expected to be small, as the IP
requirements are independent of (muon) charge. The trigger lines have been also commonly
used and confirmed in asymmetry studies, e.g. in the analysis [71], [72]. Asymmetries in these
trigger lines have been studied in Ref. [[79]. This method uses the HLT2 topological N body and
SingleMuon trigger where no asymmetry from HIt2 is observed within 0.01%. We propagate this
number as a systematic uncertainty.
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8.10 Binning of decay time

Already in previous, sections different binning schemes were studied and we expect tiny impact
on the measurement from the toys. However, this is also studied on data. We observe, very tiny
differences applying again the full analysis chain on different binning. The results for default
50 time bins and for alternatively finer (180 bins) or coarser (26 bins) decay time binning are
shown in Figs. [8.18|for different channels and summarized in the tables in Appendix[A.6.2] No
systematic uncertainty due to the choice of the binning is assigned.

180bins [—

26bins

(a) (b)
—— — 180bins [— —— —
— — — 26bins [— — —
1 05 0 05 1 1 05 0 05 1
Ap [%] Ay [%]
(c)

180bins [— -+ —

26bins |— -+ —

1 05 0 05 1

Ap %]

Figure 8.18: The data sets are subdivided in different run periods 2011/2012 and up/down magnet

polarities. Measured Ar values are shown for (a) D° - K"K*, (b) D° —» n~n* and
(¢) D° — K~ n* decays. The vertical line and blue band indicate the combined Ay
value together with its statistical uncertainty only.
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8.11 Additional cross checks and other sources of system-
atics

This section concentrates on several cross check on data and demonstrates the robustness of the
analysis.

The dataset is split into different subsamples to test if there is some dependence on Ar. One
should keep in mind that for statistical reasons the probability to find in this case at least one 2-0
or large deviation, dividing dataset into 2011 and 2012 data and these into 6 additional samples,
is bigger than > 1-0.954%*2 =~ 43% and the look-elsewhere effect is not negligible if one starts to
split the data set in too many different subsamples. The following quantities are used to split up
the sample:

e 2011, 2012 data

* Magnet polarities

¢ Number of primary vertices
* B decay time

In all three channels the extracted differences in Ar are compatible within 20. The results are
summarized in the following tables and figures. E]

ZAAF denotes thereby the difference between this value and the weighted mean of the full data sample in each
channel
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8.11.1 Dependence of Ar on magnet polarity

Mag. down 2011 —_— — Mag. down 2011 —
(a) (b)

Mag. down 2012 |- — —  Mag. down 2012 |- —_— —
Mag. up 2011 +— — Mag. up 2011 —_— —
Mag. up 2012 — —— — Mag. up 2012 — —

All 2011 b — All 2011 —_— —
All 2012~ — - All 2012 ./ -
| - n 1 P | I s S Sl S R R | I
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Ar [%] Ar [%]
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Mag. up 2012 — —et —

All 2011 — —

All 2012~ o -
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Figure 8.19: The data sets are subdivided in different run periods 2011/2012 and up/down magnet
polarities. Measured Ar values are shown for (a) D° - K"K*, (b) D° — n~n* and
(¢) D° — K~ n* decays. The vertical line and blue band indicate the combined At
value together with its statistical uncertainty only.
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8.11.2 Dependence of Ar on number of reconstructed primary vertices
NPV=1[- — — NPV=1 |- —_—— —
(a) (b)
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Figure 8.20: Fit results split in data sets of different number of reconstructed primary vertices.
Measured Ar values are shown for (a) D°— K"K*, (b) D° —» n~n* and (¢c) D° —
K n* decays. The vertical line and blue band indicate the combined Ar value

together with its statistical uncertainty only.
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8.11.3 B decay time

The B decay time distribution extracted from the data is shown in Fig The sample was split
into two parts with about similar statistical significance:

¢ low B decay time: #(B) < 2000fs
¢ high B decay time: #(B) > 2000fs.

@ 35000
30000
25000
20000
15000
10000
5000

#Entries / (10 fs)

=

(= “|I~I'IA|“IA!VIVI“|‘!VIUIAIAIIIII|IIII|IIII|IIII|I

L | L "
2000 4000 6000 8000 10000
t(B) [fs]

Figure 8.21: B decay time distribution, extracted from data in the D — K~ 7" channel. The dashed red
line visualizes the used separation between the low and high decay time regions.
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Figure 8.22: Fit results for different B decay time regions. Measured Ar values are shown for (a)
D°—~ K K*, ) D°— n~n" and (c) D°— K~ n* decays. The vertical line and blue
band indicate the combined Ar value together with its statistical uncertainty only.
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8.12 Uncertainty scale factor

As shown in the previous sections, some systematic sources scale with the value of Ar. This
section discusses how to deal with such a multiplicative scale factor. Therefore, construction of
the Neyman belt is described in the following, more details can be found in Ref. [54].

For an unknown true parameter x;, there are some outcomes of the experiments that we call
xm. This parameter represents the measured value. For a probability density function of both
variables 9.5 (xm,xt)dxm, one can now define the following belt

Xm up
P(xm; 2 1ow <Xt <Xt up) = 1= @ = P(Xm low < Xm < Xm up;Xt) = PDF (Xm,xt)dxm. (8.21)

*m low

Thereby, (1 — a) sets the confidence level (CL). E]It is typically chosen to be 68% for 1o intervals
for a Gaussian distribution. The Neyman belt provides the confidence intervals for the true x;
observable.

As described in Sections the uncertainty in this analysis has a component that
scales linearly with the known true value xi, e.g. see Eq. The uncertainty can split
in an additive (0,4q) and a multiplicative part (x;0my1t) that scales linearly with x;. The total
uncertainty on xp, can be calculated using Gaussian uncertainty propagation, U%Ot = Ui ad +x? Ufmﬂt.

Using this approach, the confidence belt can be directly constructed. The 68% CL upper and lower
limits are written in terms of the additive and multiplicative uncertainties, 0,49 and o yuit, as

[ 2 2 2
¥m low =Xt O add X O mult

Xm upp =Xt + \/agdd + x% 0r2nult , (8.22)

This Eq. can now be inverted to get an analytical function. These limits are shown in
Fig. for different x; values. [ The confidence interval can be now obtained from this Neyman
belt for different observed value of x,.

In order to present a single systematic uncertainty, the effect of the scale uncertainty is
evaluated with this Neyman construction. For the measured value x,,, Ar and its statistical
uncertainty are used in the evaluation. They are determined in Chapter E] Additionally,
the additive and multiplicative systematic uncertainties that are studied in this chapter are
summarized in the next section in Tab.

Evaluating the Neyman construction gives a slightly asymmetric systematic uncertainty,
which is fg:g%g% for the D? — K~K* decay channel and fg:g%g% for the D — 7~ 7+ decay channel.
Except for the contribution from the mass fit model, all contributions to the systematic uncertainty
are fully correlated, resulting in an overall correlation coefficient of 89% between the systematic
uncertainties of Ap(K~K™*) and Ar(n~ 7).

3An additional criteria, e.g. central interval coverage, with exclusion level of @/2 at both uncertainties sides, is
required, as explained in Ref. [54].

“4Technically, to make this plot, we have numerically inverted equation

5Notice that also statistical uncertainty needs to be treated as additive, but can be later subtracted to obtain only the
systematic part.
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Figure 8.23: Example of a Neyman confidence belt for arbitrary values of the additive and multiplicative
uncertainties. For an observed value of x, the confidence interval can be read off from this
plot.
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8.13 Summary of the systematics

The validated systematics are summarized in Tab. The main systematic effects were directly
validated with data and also cross checked with simulation. Several cross checks have demon-
strated the robustness of this analysis. Compared to the statistical uncertainties the systematical
are factor 2-3 smaller and do not dominate the total uncertainty of this measurement.

Table 8.7: Summary of the systematic contributions.

D°- K K* D°—nnt

Systematic source Oadd O mult Oadd O mult
Fitter estimator (Sect. 0.0020% 0.0020%

Muon and prod. asymmetries (Sect. 0.0098% 0.0098%

DO decay time resolution (Sect. 0.085 0.073
B-mixing (Sect. 0.0066% 0.0066%

o time dependence (Sect. 0.0061%  0.0547 | 0.0084%  0.0547
Aw time dependence (Sect. 0.0157% 0.0157%

DY lifetime knowledge (Sect. [8.6] 0.00366 0.00366
Detector length scale (Sect. ) 0.00022 0.00022
Mass model (Sect. l 0.0111% 0.0074%

Selection bias (Sect.[8.9) 0.0100% 0.0100%
Quadratic sum 0.0255% 0.101 | 0.0248% 0.091
Total syst. uncertainty (Sect.[8.12) F0-028% 02 %
Statistical uncertainty (Table IEP 0.077% 0.145%



Final results

This section presents combined results determined from 2011 and 2012 data sets. They correspond
to an integrated luminosity of 3.0 fb~!. The indirect CP asymmetries are measured in the two
main channels D°— K~K*, D°— 777" and determined to be

Ar(K™K*)=(-0.134+0.077(stat.) 025 (s yst. )% ,
Ar(n %) =(-0.092 + 0.145(stat.) Ty Saa(syst.)%.

The difference between the two channels is

AAr =Ar(K"K")-Ar(n~ %) =(-0.042 + 0.164(stat.) + 0.013(syst.))% ,

and is compatible with no difference in indirect CP violation and therefore with the universality of
the measured indirect CP violation. The correlation of the systematic uncertainties is considered
in the uncertainty calculation.

Additionally, a high statistic channel D® — K~z is analyzed, where no indirect asymmetry is
expected. The indirect CP asymmetry parameter in this channel Ap(K~7") = (0.009 +0.032(stat.))
is compatible with no indirect CP violation.

The combined measured asymmetries in bins of decay time are shown in Fig. and show
the result of the time-dependent fit. The fits have good y2-probabilities of 54.3% (D° — K"K ™),
30.8% (D° — n~n*) and 14.5% (D° — K~ n*), also different shape tests of the pulls confirm the
agreement with the fit model.

The result of both channels can be combined, assuming the universality of the indirect CP
violation in D decays , Ref. [59]. Both measurements for D°— K~K* and D°— n~ 7" decays are
statistically uncorrelated. Accounting for the 89% correlation of the systematic uncertainties the
weighted average becomes

This analysis : Ar =(-0.125+0.073)% .

An overview of the current measurements of Ar is shown in Fig. It shows that this muon-
tagged analysis has one of the smallest uncertainties. Previously, LHCb published an independent
pion-tagged LHCb measurement using the dataset of 1.0fb™!, see Ref. [22]. However, the
pion-tagged results in which the D° are produced promptly in the proton-proton collisions are

101
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Figure 9.1: Overview of Ar measurements in D° — K"K+ and D° — n~n* decays. The results
are shown from BaBar Ref. [62], Belle Ref. |61|], CDF Ref. [80], LHCb (pion-tagged)
Ref. [22)] and this thesis (LHCb, muon-tagged). The average of all Ar measurements,
combining the results for D — K~K* and D° — n~n* decays, is also indicated.

completely independent. The measurement presented in this thesis has a similar sensitivity
and uncorrelated systematic uncertainties. Both measurements together dominate the current
knowledge of Ar. Combining LHCb results together with the Ar measurements from BaBar [62],
Belle [61] and CDF [80], the world average becomes

World average : Ar =(—0.058 +0.040)% .
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Figure 9.2: Raw CP asymmetry as function of D® decay time for (a) D°— K K*, (b)) D’ — n~n*
and (¢c) D°— K~ n* candidates . The result of the y? fit is shown as a (blue) solid line
with the +1 standard-deviation (o) band indicated by the dashed lines. Underneath

each plot the pull defined as % in each time bin is shown.
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Conclusion and perspective

In conclusion, this thesis presents a robust method for the extraction of the time-dependent
asymmetries in D® — K"K* and D° — 777" decays. The indirect CP violation parameter Ar,
defined as the difference in effective lifetimes between D° and D° meson, is extracted. The
significant detail of this analysis is that it takes advantage of D® mesons originating from B-
meson decays where the muon is exploited as a tag to determine the charm-meson flavour.

The data used in this thesis is recorded with the LHCb experiment in pp collisions and
corresponds to an integrated luminosity of 3.0 fb~!. The decay topology of the boosted B mesons
and the muon in the final state are essential ingredients for an efficient trigger and offline selection
at LHCb. The selection of the analysis is optimized by maximizing the significance and covering
sufficiently the low and high D° decay time regions. The introduced raw asymmetries of the final
states are very carefully and extensively studied and the interesting underlying time dependence
of the asymmetry of the charm mesons is extracted. The systematic uncertainties have been
validated and several checks on data-taking conditions, detector configuration and extraction
method have been performed. The final results are determined to be

Ar(K"K*)=(-0.134+0.077(stat.) ") 0ao(syst.)% ,
Ar(n~ ") =(-0.092 + 0.145(stat.) T 02 (syst.)%,

where the first uncertainty is statistical and the second systematic. They are consistent with the
hypothesis of no indirect CP violation. This measurement contributes significantly to the world
average. The results of this thesis have been submitted for publication to the Journal of High
Energy Physics (JHEP), Ref. [1].

In the future, with a rising center-of-mass energy at the hadron colliders, the b production
cross section will increase more sharply than that of the charm production cross section. Thus this
analysis will gain further significance compared to the study of promptly produced D°® mesons.
With a higher precision, one can further nail down the size of indirect CP violation, which will be
an important search for the future. With more statistics, reducing the systematic uncertainties
will become more important. Therefore, an additional D° flavour tag from the hadron in the
BY — D**(— D% *)u~v decay can be used to reduce the systematic uncertainty and further
increase the sensitivity.

LHCb now provides, the world’s most precise measurement of indirect CP violation in this
channels. This measurement can be used together with the other measured observables to obtain
the effective parametrization in the charm sector. Additionally, these results can be used for the
validation of theoretical methods and have an impact on the understanding of the perturbative
and non-perturbative physics and the New Physics contribution in this sector.
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Appendix

A.1 Blinding

The analysis is done blinded, see Ref. [76] for general blinding technique. The blinding used in
this analysis is described in the following. The important quantities for this analysis are the
slopes of the raw asymmetries as function of decay time in the decay channels D° — K~K* and
D% — n~x*. The following function is fitted to the raw asymmetries

ARV ()= ABAW(0) - Alritial yr, (A.1)

A%’”'”“l is the extracted value of the fit and is hidden to the author, while the offset AggW(O) is
not blinded. Afterwards the data points in each bin E] are corrected with this function

RAW blind initi
Ay = ARV (1) + AP gy

=AW (0).

This means that the data points are “blind”for the slope but not for the offset. Finally, the blinded
value of Ar (forced here to be = 0) is extracted with a second 752 fit to the Aggw’blmd(ti) data points
to determine the sensitivity of each channel. With this blinding strategy one can as well judge the
quality of the fit. Thereby, Ar is different for both channels and therefore, one is also blinded to
the difference in At between the two channels. After the full validation of the blinded analysis
the unblinding was performed. In the following, already the unblinded results are presented.

IThe binning scheme is introduced in appendix
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A.2 Reweighting technique

For every single event a weight

Wi(a,b,c,...) (A.2)

can be used. This is utilised for different purposes, e.g. to subtract background or to reweight
variables a,b,c and to match the kinematic distribution. This means that in first order the
expected yield would be Y w;.

However, the statistical power by applying the reweighting decreases even if the sum of weight
would increase. Therefore, the uncertainty on the extracted parameter(in our case the slope in
decay time) would be slightly underestimated. All the weights need a global correction factor for a
correct error estimate.

W.
yynorm _ EWi 5 (A.3)
W
The correct weight has to be corrected with the effective weight factor:
Wicorr — Wnorm . Wi (A4)
This leads to the following the corrected effective yield ( N°"") result:
Ncorr — ZWicorr — Wnorm ZWI (A5)

The weights W; and the correction factor W"°™ have to be calculated and applied on the
datasets to obtain the correct estimate of a quantity, in our case this quantity is Ar.

A.2.1 Weights for exponential function calculation

To show the weighting factor on a concrete example we define first the Likelihood that needs to be
maximized. The same method can be calculated for different distribution. However here we want
to show that this works first of all for an exponential distribution. In case of using weights every
term gets a weight and is defined then as:

—-InL(¢;) = —Zwiln(f(tilr)) (A.6)
= —Zwi ln(% exp_g)

=) w;ln(m)+)_ witi

T

Searching for the maximum one finds 7 to be:

O0lnL(t;
# l<r>=0 (A.7)
ot
Y wit;
<T>="]. (A.8)
Y wi
Now we want to obtain the variance V[r]. In the case without the weights this would be simply
*©1
Vir] =[ ;exp’ﬁ(t—r)2dt (A.9)
0
=12 (A.10)

Without weights this result one gets also through second derivative near the maximum:

1

021InL(t;)
or?

Vil<t>]= l<7>- (A.11)
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However this is not fully correct since the weights can have an arbitrary scaling factor in the
likelihood leading to the same minimum but a different Variance. The correct variance one can
calculate using the assumption that the ¢; values are uncorrelated one can use the central limit
theorem applied on[A.8 without weights and also obtains With weights this gives us a slightly
different result.

0
Verrl<t>1= Z(;’)Z VIt (A12)
= Z(L“’—i)2 VIt (A.13)
Z W
i J I
~72. Z(_Z‘f’; )2 (A.14)
i J“J

On the other side, evaluating the variance from the likelihood one obtains:

1
Vilr] = OZTL(H|<T> (A.15)
or2
2
T
= . (A.16)
Yiw;

Both equations above are not equal because the variance estimator from the likelihood does not
take weights properly into account and needs a correction factor. A correction factor W% ig
needed, that can be applied on every weight w; and transform in this way VL[7] to Ver7rl< 7 >1.
This factor one obtains with the following calculation

Vil<t>]
wrerm = —— (A.17)
Verrl<t>]
1
Yjwj
= (A.18)
Zi(zl;};Uj 7
L (A.19)
Zi wi

This result can be extended using other distribution.

A.2.2 Test with general weights applied on data

Also to show the robustness and power of the reweigthing technique, an arbitrary fake Ar with
respect to the blinded value can be introduced through weights. Following decay time and muon
charge dependent per event weights can be used to achieve this

1=410.1fs (A.20)
A — A21
s T{1xAp &.21)
77 exp(——7)
Wilt, +) = e (A.22)
s exp(—1)

Beside the consistency between 2011 and 2012 datasets in all the 3 channels, this test shows
in Fig. that the fitter can extract the correct Ar = 0.3% values introduced through weights
and a possible bias can be studied and properly extracted with this method.
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T T T T
+ - +.—
Ar=0.3% reweight 2011 |— K"K ——— — Ar=0.3% reweight 2011 f— 78 T —
Ap=0.3% reweight 2012 |— —i — Ap=0.3% reweight 2012 |— —_— —
all 2011 [— - — all 2011 [— = —
all 2012 |~ — i — all 2012 f— —_ —
L L L
-1 -0.5 0 0.5 1 -0.5 0 0.5 1
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all 2012 = - —
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-1 -0.5 0 0.5 1
Ar [%]

Figure A.1: Data introduced At = 0.3% value through reweighting and the blinded Ay = 0 is shown. The
line shows the combined mean Ar value and the blue rectangle its 1o confidence region. Left:
for the D — K~ K* (blinded) channel, right: for the wn(blinded) channel, bottom center: for
the Kn(unblinded) channel.
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A.3 Alternative Ar extraction methods

" 1 " " " "
0.05 0.1
sigma Ar [%]

Acy(SPlot)

Agp(Fit)

Ratio(SPlot)

Ratio(Fit)

Acp(SPlot)

Ap(Fit)

Ratio(SPlot)

Ratio(Fit)

——

1
0.2

1
0.4

-0.4 -0.2 0
mean residuals
T T T T
PR [ S ST SR [ S S PRI [ S S S N
0.6 0.8 1 1.2 1.4
sigma residuals

Comparison of different methods using 50 bins. The default fit method is highlighted in red.
The vertical lines represent the input value used in the generation. Note that the results of

the different methods are correlated as they use the same toy data sets as input.

Figure compares the result of our default method to several other methods. All methods have
very similar precision. Also their residuals have the correct width. The ratio method has a small

bias.

The same bias on Ar is also seen in signal-only toy MC. The reason is that the ratio distribution
gets very asymmetric with lower statistics, e.g. it can not become negative and has a tail to higher
values. If the statistics varies in different time bins this can lead therefore to a bias on Ar.
Choosing more bins (180 instead of 50) makes this effect larger which is shown in Fig.
The bias in the ratio method is smaller than the statistical uncertainty on the extracted value.
However, it becomes larger reducing the yields per bin, as statistical fluctuation become more

pronounced.

A.4 Detection and production asymmetry tables
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T T
Acp(SPlot) |— .- —
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Figure A.3: Comparison of different methods using 180 bins. The default fit method is highlighted in red.
The vertical lines represent the input value used in the generation. Note that the results of

the different methods are correlated as they use the same toy data sets as input.

Table A.1: AAg?W and AAr shifts for different time bins in D° - K~ K* channel, extracted by reweight-
ing using the transverse momentum of the muon.

AESV (0)[%] AAr[%]
reweight MuPt binl -0.5639+£0.114 | 0.006+0.077
reweight MuPt bin2 —-0.539+0.114 | 0.006£0.077
reweight MuPt bin3 -0.5638+0.114 | 0.006+0.077
reweight MuPt bin4 -0.539+0.114 | 0.006+£0.077
reweight MuPt bin5 -0.5642+0.114 | 0.002+0.077
reweight MuPt bin6 -0.543+0.115 | 0.003+£0.077
weighted mean from 2011 and 2012 fits || —0.545+0.114 | 0+0.077

max AAr with 04 = /02 ., ~O%hean | 0.006+0.002

Table A.2:

AAggW and AAr shifts for different time bins in D? — n~ 7™ channel, extracted by reweighting
using the transverse momentum of the muon.

ARAV(O)%] | AAr[%]
reweight MuPt binl -0.737+0.214 | 0.025+0.146
reweight MuPt bin2 -0.743+0.214 | 0.024+£0.146
reweight MuPt bin3 -0.75+£0.214 0.012+0.146
reweight MuPt bin4 -0.728£0.214 | 0.033+0.146
reweight MuPt bin5 —0.787+0.218 | 0.040+0.151
reweight MuPt bin6 -0.715+£0.217 | 0.040+0.149
weighted mean from 2011 and 2012 fits || —0.763+0.214 | 0+0.145

max AAr with o = \/alzueights —02,,, | 0.040+0.042
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Table A.3: AAg?W and AAT shifts for different time bins in D°— K~ n* channel, extracted by reweighting

using the transverse momentum of the muon.

AZSV(O)%] | AAr[%]
reweight MuPt binl -1.5+0.0474 | 0.0064+0.0318
reweight MuPt bin2 -1.5+£0.0477 | 0.0051+0.0321
reweight MuPt bin3 -1.5+£0.0476 | 0.0056+0.0321
reweight MuPt bin4 -1.5+0.0477 | 0.0034+0.0321
reweight MuPt binb -1.5+£0.0475 | 0.0058+0.0318
reweight MuPt bin6 —-1.5+0.0475 0.0040+0.0318
weighted mean from 2011 and 2012 fits || —1.51+0.0475 | 0+0.0318

: _ /.2 _ 2
max AAr with o = \/aweights Oimean

0.0064 £0.001

Table A.4: AAgI‘éW and AAr shifts for different time bins in D — K~ K* channel, extracted by reweight-

ing using the transverse momentum of the D° meson.

AZLVO)I%] | AAr[%]
reweight DOPt binl —0.547+0.114 | 0.005+0.077
reweight DOPt bin2 -0.588+0.121 | 0.017+0.079
reweight DOPt bin3 -0.589+0.121 | 0.017+0.079
reweight DOPt bin4 -0.584+0.121 | 0.014+0.079
reweight DOPt bin5 -0.586+0.121 | 0.012+0.079
reweight DOPt bin6 -0.585+0.121 | 0.008+0.079
weighted mean from 2011 and 2012 fits || —0.545+0.114 | 0+0.077

max AAr with op = \/cr

2 _ 2
weights Omean

0.0174+£0.0176

Table A.5: 6A2£W and SAr shifts for different time bins in D — n~n* channel, extracted by reweighting

using the transverse momentum of the D® meson.

AZVO1%] | AArl%]
reweight DOPt bin1 —0.775+0.214 | 0.008£0.146
reweight DOPt bin2 —0.778+0.213 | 0.010+0.145
reweight DOPt bin3 -0.78+0.213 | 0.015+0.145
reweight DOPt bind ~0.75+0.214 | 0.006+0.146
reweight DOPt binb —0.72420.216 | 0.012+0.147
reweight DOPt bin6 ~0.746+0.215 | 0.012+0.147
weighted mean from 2011 and 2012 fits || —0.763+0.214 | 0+0.145

max AAr with 0 =/02 .\ ~0%ean | 0.015:+0.015
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Table A.6: AAICeéW and AAr shifts for different time bins in D® — K~ n™* channel, extracted by reweighting

using the transverse momentum of the D% meson.

AZAV(0I%] | AAr[%]
reweight DOPt binl -1.5+0.0477 | 0.0098 +0.0322
reweight DOPt bin2 —1.49+0.0475 | 0.0098 +0.0318
reweight DOPt bin3 -1.5+0.0475 | 0.0089+0.0318
reweight DOPt bin4 -1.54+0.0475 | 0.0072+0.0318
reweight DOPt bin5 -1.5+0.0475 | 0.0088+0.0318
reweight DOPt bin6 -1.54+0.0475 | 0.0079+0.0318
weighted mean from 2011 and 2012 fits || —1.51+0.0475 | 0+0.0318

. _ /;2 _ 52
max AAr with op = \/Uweights O'mean

0.0098 +£0.0051
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A.5 DYD° mass fits parameter evolution

As presented in Ch&pterm the decay-time evolution of several fit parameters is presented here.
Following D%-and D%-mass parameters, which are the Gaussian means H1,2, the average mass

resolution

<0’MD0 >= \/010%+020§+C3U§,

the average of the combinatorial background parameter for D and D° decays A =

at+a”

2 >

the

signal and background yields as well as their ratio Ny;g/Nppg, are visualizes in Figs. |A.4{1A.9)
Further, the bin-to-bin fluctuation is rather small, which confirms a rather stable fit model.
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Figure A.4: Time dependence of fit parameters (explanation see text) for 2011 (left) and 2012

(right) data.
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A.6 Tables for cross check
A.6.1 Model dependence

Table A.7: Model dependence in D°— K~K* channel.

ABLV(O)%] | AArl%] ABBV(O)I%] | AAr(%]
oo S0 OO ot aowsom
o 17| 00198 | OO0y o1 aonrsoms
oSy 12| 058020108 00020090 | 5114 os0or
GanesCBvExy 2011 | 044 50213 | 00638 10145 | ~0-546+0114 | 040077
weighted mean from 2011 and 2012 fits -0.545+0.114 | 0+0.077
Table A.8: Model dependence in D — n~n* channel.
Agﬁw(o)[%] AAr[%] Aggw(())[%] AAr[%]
ol | 000 D100 |y ronsuans | oarmson
s Pol2 2011 | 13350397 | 0zrizogr| “OT9E0213 | -00020.14e
Come ety 02| —0588:0 [ 0102017 | 75, ms | ome s
weighted mean from 2011 and 2012 fits -0.763+0.214 | 0+0.145
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Table A.9: Model dependence in D — K~ n* channel.
AZV L% | Arl%] AZYOIN%] | Arl%]
o | a0 OI0TTOTS | yswsoaws | oormsoons
A T
ety 08| L5000 000100 | a0 | ovmsoams
ooy 0T 1092005 [0 0078 10w | ootz 000
weighted mean from 2011 and 2012 fits -1.51+£0.0475 | 0.00926 +0.0318
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A.6.2 Binning of decay time

Table A.10: Binning dependence in D’ — K~K™* channel.

AZYOI%] | AAr[%] AZSVON%] | AAr[%]
26bins 2012 || —0.596£0.136 | —0.0356 +0.0914
56bins 2011 || —0.452£0.213 | 0.055520.145 | oot £0-115 1 ~0.0098£0.0773

180bins 2012 || —0.589+0.135 | —0.0286 +0.0905
180bins 2011 || —0.408+0.212 | 0.0957 +0.144
weighted mean from 2011 and 2012 fits -0.545+0.114 | 0+£0.077

-0.5636+0.114 | 0.0066 +0.0766

Table A.11: Binning dependence in D°— n~n* channel.

AZBVOI%] | AAr[%] AZLVO)I%] | AAr[%]
26bins 2012 || —0.617+0.255 | 0.0974£0.173
26bins 2011 || ~1.15+£0.401 | —0.27£0.276
180bins 2012 || —0.606 +0.253 | 0.0895 +0.17
180bins 2011 || ~1.13%0397 | —0.207z0.271 | >/ +£0213 | 0.005:0.144
weighted mean from 2011 and 2012 fits -0.763+0.214 | 0+£0.145

-0.77+0.215 —-0.006+0.146

Table A.12: Binning dependence in DY — K~ n* channel.

AZV %l | Arl%] AZZV %] | Arl%]
26bins 2012 || —1.45+0.0564 | 0.0323 £ 0.0377
96bins 2011 || —1.660.0889 | —0.05910.0603 | _L-01#0:0476 | 0.0066+0.0320

180bins 2012 || —1.45+0.0562 | 0.0353 £0.0374
180bins 2011 || —1.65+0.0883 | —0.0512 +0.0596
weighted mean from 2011 and 2012 fits -1.51+0.0475 | 0.0093 +0.0318

-1.5+£0.0474 | 0.0109+0.0317
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A.6.3 Dependence of Ar on magnet polarity

Table A.13: Ar fit result for different magnet polarities and years for DY — K~K* decays.

ARV (O)%] | AAr[%] ARSW(0)[%] | AAr(%]
Mg up 2011 | 025750528 | 018620231 | ~F2E0I63 | 00040110
e e | 08112010 | 000008
O ORS00 | 5450114 | 020017

Table A.14: Ar fit result for different magnet polarities and years for D® — n~n* decays.

AZp"(ON%] | AAr(%] ARAV(0)[%] | AAr[%]
Mag up 2011 || 14250616 | 0.031 0,421 | ~049940306 | 0.23310.208
Nag. down 2011 || —0.863 £0.525 | 036350358 | ~0.9T7+0.299 | ~0167+0203
ATsoT: 162030 | -0263z0zrs | TOT63£0214 | 040165

Table A.15: Ar fit result for different magnet polarities and years for DY — K~ n* decays.

AZV L% | Arl%] AZY %] | Arl%]
Mg up 2011 | “L8T50.135 | 0091400015 | ~ 4920078 | ~0.0417 00154
v aegr | L7006 | 0050100047
T L T pre
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A.6.4 B decay time

Table A.16: Fit results for Ar for different B decay time regions in the D’ — K~K* channel.

AZVOI%] | AAr[%] AZVOIN%] | <AAr>[%]
low B decay time 2012 —0.428+0.175 | 0.0253+0.115
low B decay time 2011 —0.549+0.274 | 0.0881+0.183

—0.463+0.148 | 0.043+£0.097

high B decay time 2012 || —0.8+0.215 —0.0823+0.148
high B decay time 2011 || —0.273+0.336 | 0.0402+0.235 0.647+0.181 0.047:+0.126
weighted mean from 2011 and 2012 fits -0.545+0.114 | 0£0.077

Table A.17: Fit results for Ay for different B decay time regions in the D°— n~n* channel.

AZSVOI%] | AAr[%] AZLVO)I%] | AAr[%]
low B decay time 2012 —-0.629+0.326 | 0.116+0.217
low B decay time 2011 -0.813+0.512 | —0.133+0.346
high B decay time 2012 || —0.576 +0.402 | 0.0853 +0.279
high B decay time 2011 || —1.77+0.633 —0.406 +£0.441
weighted mean from 2011 and 2012 fits -0.763+0.214 | 0+0.145

—-0.682+0.275 | 0.046+0.184

-0.919+0.339 | —0.055+0.236

Table A.18: Fit results for Ay for different B decay time regions in the D’ — K~ n* channel.

AZSVOL%] | Arl%] AZVOL%] | Arl%]

low B decay time 2012 -1.37+£0.0725 | 0.0899 +0.0475
low B decay time 2011 -1.57+0.114 —-0.0467 +0.076

-1.43+0.0612 | 0.0515+0.0403

high B decay time 2012 || —1.57+0.0893 | —0.0644 £ 0.0612
high B decay time 2011 || —1.76 £0.141 | —0.050550,0975 | L '63+0.0754 | —0.0604+0.0519

weighted mean from 2011 and 2012 fits -1.51+0.0475 | 0.00926 +0.0318
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A.6.5 Dependence of Ar on number of reconstructed primary vertices

Table A.20: Ar fit result for different number of reconstructed primary vertices in D°— K~K* decays.

Table A.19: Ay fit result for different number of reconstructed primary vertices in D — 7~ n* decays.

AZY %] | AAr[%] AZSVON%] | AAr[%]
| ~os0s012 010520282
e
NP h e e Ao | —omrsons

weighted mean from 2011 and 2012 fits -0.763+0.214 | 0+0.145

AZLVO)I%] | AAr[%] AZLVOI%] | AAr[%]
NPV > 2011 [ 03950458 [ 0,031 £0aTy | 00962022 | 01440149
AL BB e
NPV - 13011 | 0201 1043 | 037 rozay | ~0494+0197 | 0182+0132
weighted mean from 2011 and 2012 fits -0.545+0.114 | 0+0.077
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Table A.21: Ar fit result for different number of reconstructed primary vertices in D®— K~ n* decays.

AZV 1% | Arl%] AZY 1% | Arl%]
NPy LI IR | COOSTESSOM 1 s1so0mes | 0oomtsoosn
| -15+00758 | o0annso0u
NPV= 2011 | 15520141 | -007r6-005d5 | 151 £00822 | 00067200548
weighted mean from 2011 and 2012 fits -1.514+0.0475 | 0.0093 +£0.0318
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A.7 MC samples

To study efficiencies in several selection steps and also their dependencies versus true decay
time a Monte Carlo sample is generated. In the MC12 production the events are generated
with Pythia8(Sim08a) and go through the full detector simulation. Thereby, the events are
reconstructed with Recol4a and the trigger with the TCK Trig0x409£0045 is used. E] This sample
is also used for the determination of the resolution for the D° decay times and are summarized
in the following Tab. The sample accepts signal B* or B® (and charge-conjugation ) decays

Table A.22: Generated and fully simulated MC12 samples

Signal Event Type | Decay descriptor Name | Event Number
B - D= n nHHu+X 11874414 Bd_Dstmunu,pipi 10M
B - (D°—- K K")u+X | 11874424 | Bd_Dstmunu,KK 10M
B - (D°— K 7n*)u+X | 11874004 | Bd_Dstmunu,Kpi 20M
B* - (D°—n n*)u+X | 12873412 | Bu_DOmunu,pipi 10M
B* - (D°— K K")u+X | 12873422 | Bu_DOmunu,KK 10M
B*—(D°— K n")u+X | 12873002 | Bu_DOmunu,Kpi 10M

with the muon in the LHCb acceptance. Thereby, the D® mesons and muons can originate from
different decay modes. In the decay descriptor[ﬂ the B™ mesons are forced to decay in D° directly
or over other possible charm resonance where the branching fractions are taken from PDG [54].
Also the prompt charm decays are generated in the same way. For the B? the transition to D° is
only possible over higher charm resonances. Not only B decays to charm and muon decays are
contained in the sample, but also tau decays (with a fraction of about 5% compared to muons).
To enlarge the taus sample they are forced to decay in muons and can also be studied using this
simulation.

2Also MC11 samples have been studied and give compatible results.
3see e.g. $DECFILESRO0T/dkfiles/Bu_DOmunu,KK=cocktail,DOmuInAcc,BRcorrl.dec
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A8 A iC”;,’l r calculation

The calculation of Agggiir described in Sec. can be followed here step by step.

o [A+1A£1%) x S(Ap) + A= [A£1?) y R(Ap)]

AG" = 2R (IRml? +12/12)? a
AT _ 914 A [+ +A)0 Jr(g(fiqujil{;:,(qld;((f:::)))(zl +Aq) y R(Ap)] .
Using
IAfl2 = RnPIRf12 =1+ Ap)1+Ag)
one gets
AT - 314 A (144 An)1+A0) £ SU) +A-A+ AR +AD Yy RAD] o

(1+A)+A+AA+AR))?
_ [AI+A+A)A+A0) x SAP)+(1-(1+A)1+Ag) y R(Ap)]

A+A+A)2AL+1)
o |Aq+l [(1+Q+A)A+A) x (sing)+(1—(1+ A1+ Ag) y (cos¢p)]
VAL +1 (1+(1+Ag))? '

Now we can expand this equation till the second order in A,, and A4, and for small values one
can obtain:

A = x Sin() - S(An +Ad) ¥ cos) (4.25)
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Figure A.10: Toy study for a fit with 50 bins. A generated input value of Ar = 0% is used. Measured Ay

distribution (left) and residuals (right).

A9 Toy fit results

This section shows the toy distributions used in Sec. for different true Ar values. The decay
time for D° and D is generated according to a given value of Ar. Then we smear the generated
decay time with the resolution function of Fig. and apply an acceptance function as observed
in Sec. For every Ar value 1000 toys are generated. Finally, we split the samples using the
default binning with 50 bins and fit extracted distributions with a Gaussian to extract the bias.
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Figure A.11: Toy study for a fit with 50 bins. A generated input value of Ap = —0.1% is used. Measured
Ar distribution (left) and residuals (right). A small shift used in the systematic study is

visible.
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Figure A.12: Toy study for a fit with 50 bins. A generated At = —0.3% is used. Measured Ar distribution
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(left) and residuals (right). A small shift used in the systematic study is visible.
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A.10 Average mistag w(f) used on data

For data the @(¢) term is used directly in the fit. The fit results determined in the fit include
the (1 -2d(%)) correction term. The fits describe the data well in all the three channels and do
not deviate significantly from the fit without @(¢) correction. The results are summarized in Tab.

Therefore one can estimate systematic uncertainty for all the channel separately:

e D'~ K~K*: |AAr(mistag)| = 0.0065%

e DO— 7~ 7*: |AAr(mistag)| = 0.0144%

e DY~ K~7*: |AAr(mistag)| = 0.0166%

Table A.23: Mistag dependence in all three channels.

D’—nn* AZSV(OI%] | AAr[%] AZEV O] AAr[%]

omega corr 2012 || -0.611+0.26 0.121+0.179 B

omega corr 2011 || —1.18+0.408 | —0.256 +0.285 0.775+0219 | 0.0144£0.152
weighted mean from 2011 and 2012 fits -0.763+0.214 0+0.145

D' K K*

omega corr 2012 || -0.602+0.139 | —-0.0245+0.0954 |

omega corr 2011 || —0.441+0.218 | 0.0846+0.151 0.565+0.117 | 0.00646+0.0807
weighted mean from 2011 and 2012 fits -0.545+0.114 0+0.077

D'—K n* AESW(0)[%] | AArl%] <AESV(0)>[%] | AAr[%]

omega corr 2012 || —1.46+0.0577 | 0.0516+0.0395 | _

omega corr 2011 || —1.67£0.0909 | —0.039550.063 | L02*0.0487 | 0.0166+0.0334
weighted mean from 2011 and 2012 fits -1.51+0.0475 0+0.0318
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A.11 Time integrated fit results

Here the results of the global fit using a simfit are shown in numbers, see Tab.

Table A.24: Parameters determined from simultaneous unbinned likelihood fit in D® — 7~ 7" channel for

2011 dataset

A.12 Fully truth matched D° decay-time resolution

Parameter | Value Uncertainty
AP -0.00750 | 0.00266
o1 4.294 0.612
feig 0.0484 | 0.0322
f2e 0.7829 | 0.0877
S 1.898 0.186
S 3.180 0.282
o 1866.99 | 0.056
Sy -1.649 | 0.899
Appg ¥10° | -270.5 | 20.3
Mg x10° | 2611 | 21.7
Broprong | 179273 | 2.31
Bropiong | 1790.38 | 3.26
Troprong | 1097 1.43
Thoriong | 1178 1.78
fropiong | 0-06137 | 0.00544
flofiong | 0-06500 | 0.00590
nBkg™ 111653 | 828
nBkg* 111990 | 850
nSig~ 108747 | 826

Fig. [B.6]shows the resolution for decays where B is fully truth matched to the reconstructed B. The
results are very similar like explained in Sec. The taus have a broader and also asymmetric
resolution shifting the reconstructed decay times towards the lower values, as explained in the

next appendix section [A.13]
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Table A.25: Parameters determined from simultaneous unbinned likelihood fit in D® — n~n* channel for

2012 dataset

Parameter | Value Uncertainty
ACP -0.00639 | 0.00169
o1 6.789 0.282
feig 0.421 0.119
2 . 0.614 0.173
Soy 1.412 0.136
Sos 1.8103 | 0.0929
1 1867.12 | 0.051
Su -1.75 1.01
Appg X 10° | -258.86 | 9.02
Mg ¥ 10° | -244.46 | 9.52
oot bhe 1794.22 | 1.04
[TA 1789.79 | 1.91
Troribng | 9977 0.675
T ol bke 12.197 | 0.947
Freflong 0.05994 | 0.00223
fiflohg 0.06231 | 0.00244
nBkg~ 314596 | 927
nBkg* 317090 | 950
nSig~ 275541 | 906

Table A.26: Parameters determined from simultaneous unbinned likelihood fit in D — K~ K™ channel for

2011 dataset

Parameter | Value Uncertainty
AT -0.00362 | 0.00141
o1 4.881 0.229
flig 0.3344 | 0.0980
f2, 0.8765 | 0.0270
Soy 1.4415 | 0.0281
Sos 2.635 0.193
p1 1866.44 | 0.014
8y -1.010 | 0.415
Appg ¥ 10° | -584.75 | 8.29
Ajpg ¥ 10° | -565.62 | 8.24
nBkg~ 174950 | 681
nBkg* 176758 | 685
nSig” 315726 | 778
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Table A.27: Parameters determined from simultaneous unbinned likelihood fit in D — K~ K* channel for

2012 dataset

Parameter | Value Uncertainty
AT -0.004081 | 0.000900
o1 4.551 0.277
fiig 0.2013 0.0830
2 . 0.8392 0.0252
Soy 1.4397 0.0346
Sos 2.5038 0.0978
{1 1866.47 | 0.009

8y -0.287 0.126
Mg *10° | -601.68 | 5.50
Afpg x10° | -594.21 | 547
nBkg~ 387248 | 977
nBkg* 391627 | 984
nSig" 761173 | 1153
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Figure A.13: DY decay-time resolution with core resolution for different subsamples for the two main
channels(left:D° — K"K+, right:Do —n~nt ), inclusive muons on top, only muons in the
middle and taus at the bottom.
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Figure A.14: Resolution determined on MC12 simulation sample, for D°— K~K™ on top and D° — n~n*
on bottom. Inclusive p sample (including T decays) is used.

A.13 Tau decays, lifetime bias

The tau decays can also be used for the tag of the produced D°. Like explained in section
they have a small impact on Ar. Since not all of them can be reconstructed and also the is an
additional shift to lower decay times as explained in Fig[A.16|
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Figure A.15: The tau dacays show no significant bias to the raw Asymmetry.

Figure A.16: The B* — 1" (= v, v,u*) v; DY decay. The p1 cone shows the possible distributions of
the muon momentum. In case the cone is very closed to the D° flight direction u
reconstructed vertex(here shown in red) always underestimates the D° production
Vertex. The measured lifetime is biased to lower values.
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B.1 Modified Kolmogorov-Smirnov probability calculation

Compared to the y2/nd f-test Kolmogorov-Smirnov test(K-S) test can tests better the agreement
between a sample and an expected shape of distributions and if there are some tendencies. It can
test if a quantity follows an empirical distribution function, with f(¢) as a 2%

¢
F@)= f fhdt' (B.1)
0
This can be rewritten in a binned form:
n
F,t)= Z Ny, In (B.2)
thin<t

where n as a number of bins.

The function that we fit to the asymmetry is not a 22%. However, this procedure can be
generalized to the pulls distribution, since the pull distribution satisfies the Glivenko-Cantelli
theorem:

d, =sup]| Z pull;/n| (B.3)

t o ti<t
P(lim d, =0)=1.
n—oo

Therefore, similar to Kolmogorov-Smirnov test, a modified K-S probability can be calculated from
the pull distributionﬂ The tested quantity is then

x= \/ﬁmtaxan(t)—F(t)l (B.4)

In our case the hypothesis would be that the pulls are flat distributed. This would be in the case
of the pulls

F,(t)-F@t) =) pulli/in (B.5)

ti<t

1Remember that also the binning is chosen in a way that every bin has the same significance on A measurement

139
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Figure B.1: Left: One toy with generated pulls with center 0. Right: Flat probability distributions for KS
and y2 test from 20 ktoys.
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Figure B.2: Left: One toy with generated pulls with center changing with sinus shape. Right: Probability
distributions for KS and y2 tests from 20 ktoys.

and therefore the tested quantity is

xzmtaxl Y pullil/vn. (B.6)

t;<t

This lead as described by Kolmogorov distribution to a probability of obtaining a value x > x¢

P(x>x0)=2Y (-1 exp(-2(jxo)?). (B.7)
j=1

Using this, a probability for the hypothesis, that the pulls are flat distributed in time, can be now
calculated directly from the pull distribution.

The free parameters of the fit have an impact on degrees of freedom and we do not expect that
the probability distribution is totally flat. However, one can compare the values between different
fits with each other. The fully correct approach requires the calibration of probabilities making
them flat, using P'(p) = ;,’mb:OP(Prob)dProb. The example below shows how this works. The
pulls were generated with a Gaussian with width one.

After calibrating, one can obtain the flat distributions. Fig. shows the flat distributed
probabilities. After generation of the pulls with a sinus shape function, KS-test probability
distribution prefers more the 0 values. Fig. shows that KS-test more often rejects the flat
hypothesis compared to the y2. This example illustrates that the modified KS test works well in
discovering some shapes that deviate from the flat distribution.
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B.2 Correction factor for Ar from mistag and asymmetries

As we saw in previous sections , the raw asymmetry can be written as
ACE () =(1-20)0AY —Arl f A, +A A B.8
RAW(t)_( —2m)( cpP F;"' mu prod)_ w. (B.8)

If we now consider the asymmetries Ay = A‘ég + Ay +Aprod ;the mistag probabilities @ and
mistag differences Aw to have some time dependence. One can always choose a time window small
enough starting at a time ¢( that one can parametrize them with Taylor expansion as a linear
function:

In case the quantities are time independent we get then directly the slope

cP
dAR A w () __Ar
dt T

and therefore Ar.
However, in case this quantities are time dependent. Using this one can insert it into Eq.

AR () = Ay (to) — Aw(to) — 2Ax (t0)d(to)

Ar dAy Aow da Ar _ dAy _
-——+t—=-—-2A —+2— -2—=
+( P PR P ¥ (to) 7 T2 (to) = (to))t
Ar dw dAZ do 2
2——-2—=—
YT T at)
and therefore:
dAIgiW(t) - _ Ar - Acorrection(t)
dt T
with
dA Aw do A dA
Acorrection(t) == d_tz - E - 2AZ(tO)E +27r0)(t0) - 2d_tzd)(t0)
4Ar dw dAy da
T dt dt dt
and
dA Aw do A dA
Acorrection(t) =— d_tz NPT 2AZ(tO)E +27F£D(t0) - Zd—tzd)(to)
dA Aw do A dA
Acorrection(®) =(~ d_t): T ar —2A2(t0)a +2Trw(t0)—2d—tzd)(t0))

~—— ——
<0.0005 <0.015% <0.001% <0.015% <0.01-0.2%
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B.3 Aw and o time dependence

N(pyy ND° = K*77)

P(DY},,ID° AByec) = NO =K (B.9)
N, . A(WS+RS))-N(u;. ., AWS)
_ Hiag Hiag (B.10)
N(RS)
N(u;, ,A(WS+RS))
~ - Htag NWS) (B.11)

N@RS+WS)  N(RS)
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Figure B.3: Relative to the right tagged events, the fraction of mistagged (background) events
rises going to larger decay times.
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Figure B.4: Due to the fact that the mistagged D° (background here in blue) is closer to the PV,
it has a larger acceptance correction compared to the right tagged (shown in red)

B.4 o time dependence toy, explanation

A possible explanation for the rise of the mistag probabilities with decay time is given in Fig. It
shows that at larger lifetimes more mistags can be associated. To model this, following distribution
models (Fig. for signal (red) and background (blue) were used. Background events have
larger acceptances and time shift, e.g. due to mistag association and selection.

Using the model above (Fig. we assigned an efficiency (here 50%) of finding the right tag.
In case the right tag is not found we associate it with 1% probability with a wrong one, this results
in a time dependent mistag probability (see Fig. [B.5).
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Figure B.5: Resulting mistag probability time dependence looks similar to what we observe, see

Sec.
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B.5 D° decay-time resolution

To study the relative fractions of the decay-time resolution contribution we are using a sum of 4

Gaussian as a model.

-~ S i 1(At—p;)?
PDF (At Asig) = L ex {——( ’) } (B.12)
0= 2 Fare 12

Fig. shows the result of the fits, the two main Gaussians have resolutions of
58fs(fraction = 43%) and 132fs(fraction =46%) . We used the default LifeTimeFitter that
has no mass constraints and also DecayTreeFitt erﬂ to reconstruct the D° decay time t,... Both

have similar resolutionsﬂ

2with DY mass constraint
3Difference between LifeTimeFitter and DecayTreeFitter is well described by a Gaussian with width=40fs.

Therefore using one or another fitter has no impact(below @(10~6)) on the result
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B.6 Fitted function to binned asymmetry

Asymmetry AP (t) is calculated separately for every bin. This is done calculating the mean < ¢ >
using both parts D° and D°. Here we calculate the effect on the slope of the fitted function and
check that the conditions for this approximation are satisfied and are negligible for our current
purpose.

The ratio in every bin can be calculated with the following equation:

; t
r(tlconst,, ) = const (1+2a%%) — 20— (B.13)
T
1 ~t/t
Ppo(t) = —e o0 (B.14)
Tpo

For the yield in a time bin ¢; < ¢ < 2 one can determine

t9 N 0 to
npo(ti,t2) :f NpoPpo(t)dt' = —Df e 11'/7po g/
t1 Tpo Jit

N
_ DO Tpo- {e—tl/TDo _ e—tz/TDo}
TDO
= Npoe ™00 {1~ t2t1mp0} (B.15)
. T 15 . .
Introducing 7 = w and Ar = ;DO +T130 For the ratio one obtains:
DpOTTH0
n 70(t1’ t2)
R(t1,t9) = 22— =
npo(ty,t2)

Nﬁo e—tl/leo {1 _ e*(tzftl)/‘[]jo}

"~ Npo ¢~ t1/7p0 {1_6—(t2—t1)/TD0}

N 0 e 2T (tg+1)—e T(t1 +1) AT Ar<t>

_'Do .. )
B Npo a e—talT _ g—t1/T + O([—T i)
N5 A
Do 2 r
TN PR B.16
NDo( <t>; . ) ( )

fflz te 7 d¢
ft? etrdt
Asymmetry AP (t) one can obtain in a similar way:

Where < ¢ >i = is the avarage decay time of the bin. For the time evolution of the binned

nﬁo(tl,tz)— npo(ti,t2)

A (t1,89)=
npo(t1,t2) +npo(ty,t2)

o __t2 __th o __t2
(1+Ar)(e T#AD — ¢ THAD )p o —(1— Ap)(e 704D — ¢ T-AD )nﬁo

__t __ta __t __ta
(1 +Ar)(e r(1+Ar) —e r(1+Ar))nD0 +(1 _Ar)(e r(l—AF) —e r(l—AF) )nﬁo

-1 2N 5o 4NpoNpo e ¥ (tg+17)—e 1/T(¢1 +7) Ar +0([A1— <t>2)
7 Npo+Npo (Npo+Ng)? e—t2lT _g—tilT T
—talT —t1/T
_dir dir2, € (t2+T)—e (t1+T) Ar <t> 9
=acp~(1-acp ) R — +0( - %)

o gdir e Mty +1)—e V(41 +1) Ar
~Tcp e—t2/r _ e—tl/T T

. A
~adr_ <>t TF (B.17)
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Therefore fitting a linear function to the data using the bin centers is a correct approach. A
difference can only be seen for the sensitivity of Ar € O(107%) and is negligible for our current
sensitivity of Ar € O(107%).

Calculating the bias for all the bins after the linear fit of Ar.
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Figure B.7: Asymmetry time dependence for generated Ar = 0.8% value is shown. AP (t) on top and
ratio(t) on bottom. Data points do not variate within statistics(only show for error bars
visualization) the full model behavior is shown in red, the linear fit in blue and the linear
model approximation in red. The difference on Ar extracted from the ACP (t) linear fit is
0.000016% on At. From the ratio(t) linear fit it is 0.00357% bias on At which is far below
0(10~%) and can be neglected for our current sensitivity.
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B.7 Mass model definitions

The Crystal Ball (CB) function describes the asymmetric behavior from e.g. photon radiation, was
used as a cross check in the systematic studies. Here we give the definition of the CB:

2 _
exp(—(x%’g , for =€

>
A-(B- x_—pr)_n’ for ZE L

PDF cp(m|l) =N - { (B.18)

with normalization N, where o is the width of the distribution,u the most probable value, a the
tail, and n the power of the exponent. So, for full signal fit following 2% has been used:

PDFsigna(mlA) = - PDF cp(m|A) + (1~ f)- PDG cp(m|) (B.19)
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B.8 Variables: signal and background
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Figure B.8: Distribution for signal and background for different variables in KK channel.
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B.9 A; significance acceptance and range dependence

To study how the time window and acceptance change the significance on Ar following study has
been done. The assumptions used there are the following:

1

* The Uncertainty of the A¢p(t) for uncorrelated quantities in every bin scales with ~

where N; is the number of entries in bin i.
¢ a simple exponential decay (with 7 =410fs) was used
¢ The offset asymmetry (Acp) is assumed do be fixed.

¢ For qualitatively analyze acceptance impact, acceptance function acc(t,8) = (1 - ﬂ%) with a
slope 8 was considered.

T

1
\/ﬁi <t>; ’

1
. S (B.20)

With this Assumptions 04, dependence on the S-factor of the acceptance, the time-window
and for Number of equidistant bins is calculated. Fig. shows this behaviour. Keeping the
total number of events constant (N = const.), one can see that having a negative S-factor (means
rising acceptance) increases the sensitivity. That is clear if one considers Eq. where events
with higher decay time would have a higher impact on Ar. The time window and bin size, as
can be seen from Fig. should be also sufficiently large (¢,,ax > 2500f's, n > 20) not to loose
sensitivity. One should consider that this model does not consider all the effects (e.g. is for signal
only and does not consider the resolution effects that do not change the behaviour but can change
the offsets and absolute values). Therefore, it can be used only for estimating the effect of the
binning, time range and acceptance on Ar significance.

¢ Uncertainty from every bin on At is 0; = resulting in a total uncertainty combin-

ing them via

— B=-008
—B=008

ace(t)

0.0 I I I
1000 2000 3000 4000 5000

<

t in fs

Figure B.10: example of 2 different acceptances used for the study.
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Figure B.11: S-factor(of acceptance) dependence vs. significance
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Figure B.12: Significance on At vs. decay-time range and binning dependence.
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B.10 Mistag definition and raw asymmetry

The time dependent asymmetry Agﬁw(t) can be expressed in the following way:

N(DY,,,0)-ND}, . 1)

N(ODY,,,0)+ND}, . 1)

_P(DY,,,0)~P(Dy,,,1)

 P(DY,,,0)+P(DY, 1)

P
A aw(®) =

(B.21)

As a simplification we do write explicit the time dependence for every term. And using Bayes
theorem introducing conditional probabilities one obtains:

P(D),,,t)~P(D}, . 1)

P(DY,,,0)+P(DY, . 1)

_ P}, ,ID)PD)+PDY,, ID)YPD®) - P(DY,,ID°)P(D°) - P(Dy,,ID°)P(D°)

P(D}, ) +PDY,)
(1-P(DY,,ID)P(D) +P(D},,ID*)P(D®) - (1-P(D], ID*)P(D®) - P(DY, ID°)P(D°)

tag tag tag
P(D% + P(DY)

CcP _
A (0=

P(D},,.t)=PD},, AD°)+P(D},, nD°

=P(D),; AD° AByec) + P(D), ; AD° ABrec)

=P(D},;ID° AByec)P(D° ABrec) + P(DY, ID° ABroc)P(D° A Brec)

=(1-P(D},,ID° ABre))P(D° ABrec) + P(Dy,01D° A Brec)P(D° A Brec)

=P(D},;ID° AByeeXP(D° AB;,.)+P(D° AB},.))

+P(D},4|D° AB,eo)P(D° AB;,,)+ P(D° ABY,,)

P(D},;,t)—P(D},;,t) = P(DY, . ID° ABc.(P(D° AB,.) + P(D° AB},.)

+P(D},;|D° ABeo)(P(D° ABy,.)+ P(D° AB},.)

~P(D,5|D° ABo)(P(D° AB,.)+ P(D° AB;,.))

—P(D},,ID° ABec)(P(D° AB,,) + P(D° AB},.)
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P(D},.,t)~P(D},,,t) = P(D, D’ AB,cc)P(D° A B;,,) —~ P(Dy, . \D° ABc.)P(D° AB;,,)

+P(DY,,ID° AB,..XP(D° AB},,)

tag
+P(D? ID° AB,..)(P(D° AB;,,)+ P(D° AB},.))

tag

~P(D,,ID° ABo)(P(D° ABy,.) + P(D° AB},.))

~P(D?,,ID° AB,..XP(D° AB},.)

tag rec

P}, ,.t)-P(D},,,t)=P(D}, |D° AB,c.)P(D° A B;,,)— P(Dy, D AB..)P(D° A B;,,)

+P(D° 1D’ AB,e.)P(D° ABY,.))

tag rec

~(1-PDY,,ID° AB,..)(P(D° AB;,.))

tag rec
+P(DY ,ID° AB,..X(P(D° AB},,)+ P(D° AB},.))

tag
—~P(D? ID° AB,..)(P(D° AB;,,)+P(D° AB;,.)

tag

P(D},,,t)-P(D},,,t) = P(D}, D’ AB,cc)P(D° AB;,,)— P(Dy, D AB..)P(D° AB;,,)

+2P(DY ID° AB,..X(P(D° AB*, )

tag rec

—(P(D°ABY))

rec

+2%P(D,,|D° AB,oo)(P(D° AB

—(P(D°AB;,,)+P(D°ABY,,)

- )+ P(D°ABY, )

rec rec

Now, we can identify in this equation the mistag probability to tag a real D°(D?) with a wrong

tag D_?a g(D?a gasa conditional probability:

P’ =P@d° D%

tag
0 —
o =PD},, D%
(B.22)
Agiw can obtain in the following way:
A% o 1= wP*)P(D%) + P P(D°) - (1 - wP*)P(D°) - P’ P(D?)
RAW P(D% +P(D)
_ (1-202")P(D%) - (1 - 20°")P(D°)
P(D°) +P(D%)
(B.23)
Defining average mistag probability and mistag probability difference:
WP+ e?
o=——
2

0 0
Aw =P - P

(B.24)
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The equation above can be parametrized in the following way:

(1= (P + " NPD®) - (1 = (WP’ + P NP(D®) - (P’ — wP* NP (D) + P(D?))

ASE ()= —
RAW P(D%) + P(D%)
_ (1-20)P(D°) - (1-20)P(D°) A
P(D% +P(DY)
0y_ p(NO
—(1-2a)P@ - PD)
P(D%+P(DO)

(B.25)

However, in this definition we assumed that all the DO s coming from B mesons will be also
reconstructed. otherwise P(D?a gIDO) +P(D?a gIDO) # 1. So to make this hold one can do the same
calculation as above replacing D° — (D° and B was reconstructed).

This brings us to the following equation:

P(DO /\Brec) _P(D_O /\Brec) _

— Aw
P(DOAByec) + P(DO AByec)

AR () =(1-20)

(B.26)
Notice also the change in the w definitions:
WP’ = P(DY, ;1D ABrec)
0 —
wD = P(D?ag|D0 /\Brec)
(B.27)

P(D° AB,..) can be also written in the following way:

P(D° AB,.e) = P(D° A(D°fromB) A e ADY,,) + P(D° A(D°notfromB) A pirec ADY,,)
(B.28)

Assuming that we reconstruct D° only coming from B s one can neglect the second term. Addition-
ally, one can assume that the u and D° reconstruction efficiencies are independent.

P(D° AB,..) = P(D° A(D°fromB) A 1o ADS,,)
= P(D°|(D°fromB))P(B)P(tirec|D°fromB)P(D?, .| D fromB)
(B.29)

So, introducing the following Asymmetries, starting with the muon detection asymmetry one
obtains:

_ P(ti;,,|D°fromB) - P(y},.|D°fromB)
P(uy,.|DO%fromB) + P(ut,.|D%fromB)

mu

(B.30)
and for the Production Asymmetry:

_ P(B)-P(B)
Prod = BBy 1 P(B)

(B.31)
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The detection Asymmetry is zero for the CP final states:

P(D?,.ID%fromB) - P(DY,,|D fromB)

P(DY,.|D%romB) + P(DY,.|D%fromB)
~0 (B.32)

Apdes =

using this one obtains:

(ACP +DAny + 1)(Aprod +1)-1 _ACP)(]- —Apy)1 _Aprod)
(AP + 1)(Apy + DA prog + D+ (1 -APYA - Apy X1 —Aproq)

CP _ ~
Apaw(®) =(1-20)
(B.33)
and removing the higher order terms since Asymmetries are in O(1%) range, one obtains:

AP () =1 -20) AT + Ay + Aproa) - Aw
(B.34)
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B.11 Selection optimization

Following variables were considered for optimization of the selection and as input for the training

(see Tab. [B.1).

Table B.1: table of used variables including their separation < $2 >= % S

Variable Separation(KK) | Separation(smw)
reco B mass 3.3% 5.7%
log % of D° daughters 7.1% 6.9%
log ﬁi’f; 2.6% 6.7%
log 25 7.6% 8.2%
log 5% 8.7% 1.9%
isMuon flag 2.7% 1.08%
log 22 of muon 2.0% 5.0%
log 253 1.8% 5.9%
log gf;g; <1% 3.5%
log 243 <1% 2.0%
+2(IP) <1% 1.2%
n(u) <1% 2.7%
pr(w) <1% <1%
p1(D°% <1% <1%

PAfsig(x)—pdfopg(x)
PAfsig(x)+pdfprg(x)

The training was done with the sWeights determined from data and validated on an independ-
ent data sample. All the variables from Tab. were used for this. The working points(ROC

curve) for the background rejection and signal efficiency are shown in Fig.

The best performance is shown by using Neuronal Network MLP or Boosted Decision Trees
(BDTs). Also the cuts introduced so far show a good performance in both channels. For KK an

improvement in some 0(1%) for background rejection using a multivariate is visible.
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Background rejection versus Signal efficiency Background rejection versus Signal efficiency
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Figure B.13: Significance for different cut applied on the neuronal network signal classification output
is shown. It is normalized to the default cuts significance value. D~ KKt (left) and
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B.12 The choice of the binning

A ratio or asymmetry of two exponential distributions is a commonly used function, as generated
and shown in Sec.[f] Since the difference in lifetime between this exponential is small compared
to the lifetime a linear function can be used to achieve this.

f®)=a+b-t (B.35)

In first order, it can be assumed that the offset is already determined by the large statistics in the
low lifetime region. This means that a is precisely known offset a can be assumed as fixed and
this would result in the following uncertainty of the linear function.

of (t
O = |—:;(J ). V Vil (B.36)
=|t|-op (B.37)

This means that the uncertainty is growing linearly in in decay time t. One can also do the
calculation and consider also the full covariance matrix .

of(t of (@) of(t of(t
ori= | OO vy 12 LOUO, Oy, ®39)
= \/Vaa +2-Vop -t + Vipp - 82 (B.39)

Since we have here a ratio of exponentials distribution, V; dominates increasing the lifetime and
one would obtains an asymptotic convergence towards Eq. Fig. shows the ratio=1,
together with the slope 0. Fitting a linear function(independent of the binning) on a flat ratio
distribution would give you the 1o bands using the covariance matrix from the Fit from Eq.
[B.39

Like explained above, fixing the offset would slightly shrink the region covered by 1o bands to
a region covered by two straight lines. However, one data point can then be directly connected to
the slope of the 10 band by the error of that bin. Following assumptions are used to simplify this
approach:

* Distributions are exponential.

¢ Offset can be assumed as fixed, which means 1o band of the fitted function can be assumed
as linear which is true for 7 << ¢,,4.

ratio

102 —

101 —

1.00

0.99 |- S~

0.98 T~

. . . — tinfs
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Figure B.15: Ratio(t) with the 1o bands, determined from a fit of a ratio of two exponential distributions
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¢ Error of the ratio; for uncorrelated quantities in every bin scales with ~ \/%, where N; is

i

the number of entries in bin i.

Under these conditions one can require that the error(c;) grows linearly with time < ¢ >;, in the
same way like 1o band of the fit.
[

¢= P (B.40)

Which effectively means that every bin has the same contribution to the slope of a ratio. This

leads to the following equation:
@i+l
14| [ Vze trd¢
a;

ai+1 aj+1
J VUzte~trd¢/ [ 1ze~trdt
i a_“li (B.41)
[ Ure t"dt
2 a;

¢ = ai+1
( [ Urte~trd¢)?

a;

and finally:
(e (@; +1)— e T (q; 1 +7))2c% = e~/ — g in1/T (B.42)

Where [a;,a;+1]1s the bin range of bin i.

To solve this one can use either Taylor expansion(depending on your maximal bin size) or
solve this directly with numerical methods. For the full solution one has to continue this search
recursively: a;.+1 = f(a;), starting with a¢g =0. E.g. for 10 bins in range = {0,5175} one gets the
following binning: a; € {0,530,687,832,978,1132,1304,1508,1773,2186,5175}. As a result, the
error time evolution is linear, like expected. This procedure can be applied for all kinds of binning
and bin ranges.

error~1/y N

14r
12r

10

. . . . . <t>in fs
500 1000 1500 2000 2500

Figure B.16: Time evolution of the error for 10 bins in range= {0,5175}
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