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Abstract: This thesis presents the measurement of the time-integrated CP asymmetries
in DY - K=K and D" — 7~ 7" decays. The analysis uses data corresponding to an
integrated luminosity of 3fb~! collected at the LHCb experiment in proton—proton
collisions at centre-of-mass energies of 7 TeV and 8 TeV. The D mesons are produced in
semileptonic b-hadron decays, where the charge of the accompanying muon determines
the initial flavour of the D° meson. By taking the difference of the observed asymmetries
in the selected D' - K~K* and D° — 77t samples, production and detection
asymmetries cancel. The difference in CP asymmetries between the two final states is
measured to be

AAcp = Acp(K™K) — Acp(n~ ") = (4+0.14 4 0.16 (stat) & 0.08 (syst)) % .

In order to obtain a measurement of Acp(K~K ™), large samples of Cabibbo-favoured
D meson decays are used to determine production and detection asymmetries to a high
precision. The CP asymmetry is found to be

Acp(K~K™) = (—0.06 & 0.15 (stat) £ 0.10 (syst)) % ,

where the correlation coefficient between AAcp and Acp(K~K™) is p = 0.28. By
combining these results, the CP asymmetry in D° — 7~ 7+ decays is derived to be
Acp(m~mT) = (—0.20 £ 0.19 (stat) & 0.10 (syst)) %. The results of this thesis show that
there is no significant CP violation in DY — K~ K* and D° — 7~ 7" decays at the
level of 1073,

Kurzfassung: In der vorliegenden Arbeit werden die Messungen der zeitintegrierten
CP-Asymmetrien in den Zerfillen DY — K~K* und D° — 7~ 7% vorgestellt. Die
benutzten Daten wurden in Proton—Proton Kollisionen mit den Schwerpunktsenergien
7TeV und 8 TeV mit dem LHCb-Experiment aufgenommen. Sie entsprechen einer
integrierten Luminositit von 3fb~!. Die D® Mesonen stammen aus semileptonischen
b-Hadron-Zerfallen, wobei die Ladung des einhergehenden Myons den anfinglichen
Flavour des DY-Mesons bestimmt. Produktions- und Detektionsasymmetrien kiirzen
sich in der Differenz der beobachteten Asymmetrien in den selektierten D° — K~ K+
und D° — 7~ 7t Datensiitzen. Die Differenz der CP Asymmetrien zwischen den beiden
Endzustédnden wird gemessen zu

AAcp = Acp(K~KT) — Acp(nmt) = (4+0.14 £ 0.16 (stat) + 0.08 (syst)) % .

Grofle Mengen von Cabibbo-bevorzugten D-Meson-Zerféillen werden benutzt, um
Produktions- und Detektionsasymmetrien mit hoher Prézision zu bestimmen. Diese
Resulate ergeben eine Messung der CP-Asymmetrie Acp(K~K™) von

Acp(K~ K1) = (—0.06 & 0.15 (stat) = 0.10 (syst)) % .

Die Korrelation der Messungen von AAcp und Acp(K~ K ™) betragt p = 0.28. Beide
Resultate kombiniert ergeben eine CP-Asymmetrie in D° — 7~ 7t Zerfillen von
Acp(m—7nt) = (—0.20 £ 0.19 (stat) £ 0.10 (syst)) %. Die vorgestellen Resultate zeigen,
dass es keine signifikante CP Verletzung in den Zerfillen D° — K~ K+ and D° — 7~ n ™
bis zu einer Gréfenordnung O(1073) gibt.
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CHAPTER 1

Introduction

The study of fundamental interactions between elementary particles has a long tradition
in physics which was started by ancient Greek and Indian philosophers more than two
thousand years ago. Along the way, the definition of fundamental interactions and
elementary particles has changed while probing higher energies and smaller structures.
The current understanding is summarised in the Standard Model of particle physics. It
has been developed from the 1960’s onwards by many theoretical physicists with its
fundamentals dating back to the development of quantum mechanics and quantum field
theories in the 1920’s. The Standard Model predictions have been challenged by many
experiments until today, no significant discrepancy has been observed.

However, there are phenomena in nature which are not described by the Standard
Model. The most obvious is that it cannot explain why apples fall from trees into
the direction of the earth, as the theory does not include gravity. More subtle is
the observation that the matter described by the Standard Model accounts only for
about 5% of the energy content in the universe. Due to their unknown origin, the
remaining parts are called dark matter and dark energy. In general, the Standard Model
alone has no explanation for the evolution of the universe from the Big Bang to its
current state. In particular, it cannot explain the inflationary epoch.

To be able to answer some of these questions, the Large Hadron Collider (LHC),
the biggest (and most expensive) particle accelerator, was built. It collides protons
with the highest rate and energy ever produced in a laboratory. This enables us to
probe the physics of fundamental particles with high precision. The discovery of the
Higgs boson by the ATLAS and CMS experiments was one of the biggest milestones in
particle physics as it was the last missing particle of the Standard Model.

The general purpose experiments CMS and ATLAS were built to directly observe
up-to-now undiscovered particles by searching for their decays. In contrast, the LHCb
experiment is designed to measure processes affected by quantum corrections in the
decays of ¢ and b hadrons. These high-precision measurements are sensitive to contri-
butions from unknown particles. One of the main goals of the LHCb experiment is
to study CP-violating effects in the decay of ¢ and b hadrons. CP violation refers to
differences between particle and antiparticle decays and is very sensitive to quantum
corrections. It was first discovered in the decay of neutral kaons in 1964. Decades after,
it was also established in the decay of neutral and charged b hadrons.

The picture for ¢ hadrons, however, is not yet clear. Their decays provide an
attractive testing ground of the Standard Model as it predicts very small CP-violating
effects. CP violation can occur in the singly Cabibbo-suppressed DY — K~ K+ and
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D® — 77T decays, where significant contributions from loop processes are expected.
In 2012 the LHCb experiment reported a first evidence of CP violation in the difference
of the time-integrated asymmetries in D°— K~ K+ and D°— 7~ 7" decays [1]:

AAcp = Acp(K~KT) — Acp(n~ ") = (—0.82 4 0.21 (stat) & 0.11 (syst)) % .

This result sparked a theoretical discussion on whether the size of the measured CP vio-
lation can be accommodated within the Standard Model or not, and also renewed the
interest in charm physics from the experimental side. The work presented in this thesis
measures AAcp on an independent data set recorded by the LHCDb experiment. Further-
more, the experimental more challenging measurement of the individual CP asymmetries
is performed for the first time at the LHCb experiment.

In order to determine the time-integrated CP asymmetries in D? decays to the
CP eigenstates K~ K* and 7~ 7, the initial flavour, D° or D, has to be identified.
There are two main production channels of neutral charm mesons in proton—proton
collisions: a D meson can be produced directly in the hadronization process, then
it is often accompanied by a charged pion as both are originating from the same
D** resonance. The charge of the pion determines whether the hadron was initially a
DY or a D° meson. The aforementioned analysis selects D° mesons from this production
mechanism. In the analysis presented here an alternative approach is used. D° mesons
are selected by reconstructing semileptonic b-hadron decays where the b quark decayed
weakly to a ¢ quark, a muon and a neutrino. Thus, the charge of the accompanying
muon determines the initial flavour of the charm meson. These events have a distinct
signature. Charm and b hadrons produced in the LHCb experiment fly in average a few
millimetre. This makes it is easier to discriminate these decays from the light hadron
background. Furthermore, in contrast to hadrons, muons are clean to detect as they
traverse the whole apparatus without being stopped. The disadvantage is that the
production rate of b hadrons is a factor of 20 smaller than the rate of directly produced
c hadrons. Nevertheless, the latter measurement reaches a sensitivity comparable to the
former due to the higher trigger and reconstruction efficiency of semileptonic b-hadron
decays. Both analyses measure the time-integrated CP asymmetries in D° — K~ K+
and D° — 77t decays with a precision at the level of 1073,

In addition, there are several effects which have to be controlled when performing
these measurements at the LHCb experiment. The two main effects are production
and detection asymmetries. First, the LHC collides protons. Hence, there is an
excess of baryons in the initial state which translates to a different production rate of
DY and D mesons. Second, the determination of the flavour requires the reconstruction
of at least one additional charged particle. Charged particles are prone to have different
detection efficiencies depending on their charge. One reason is that the detector is
not completely symmetric and the other is that particles and their corresponding
antiparticles can have different material interaction rates. Both asymmetries, detection
and production, are expected to be at the per-mille to per-cent level. This is larger
or of the same order as the expected CP asymmetry. As the final sensitivity to
CP asymmetries is at the low per-mille level, the main challenge of this analysis is
to control and measure these spurious asymmetries and discriminate them from the
CP asymmetries. This also shows the importance to have two independent analyses. As
the selection of muons is very different to the selection of charged pions, this analysis has



complementary systematic errors compared to the measurement with directly produced
D mesons.

In the following three chapters the underlying theory of the measurement, the LHCb
experiment and the reconstruction of proton—proton collisions are introduced. After
that the analysis strategy is presented. There the course of the document is detailed.

The author of this thesis was one of the main proponents of the two publications [2,3]
which cover the same analysis as presented in this document. Both publications are
based on LHCb internal analysis notes [4,5].

The author also significantly contributed to publications which are not described in
this work. They are in chronological order: The measurement of the K¢ production
cross-section in proton-proton collisions at /s = 450 GeV [6]; the measurement of
the B® and BY oscillation frequencies Amg and Amg with the data set recorded in
2010 [7]; the measurement of the A, production cross-section in proton—proton collisions
at /s = 7TTeV [8]; and the measurement of the CP-violating phase ¢4 in the decay
BY — J/¢¢ [9]. Furthermore, he worked on the track reconstruction in the LHCb
software trigger [10].
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CHAPTER 2

Theory of particle—antiparticle
asymmetries

This chapter introduces the theoretical understanding of CP violation in charm decays.
First, a brief introduction to the Standard Model of particle physics is given, followed
by a discussion of the charged currents of the weak interaction. The discussion includes
a summary of B and D decaysE] Afterwards, the concepts of meson mixing and
CP violation are introduced. The focus is put on the charm sector but the analysis
also requires an understanding of kaons and B mesons. Asymmetries in particle and
antiparticle creation in pp collisions are briefly discussed before the chapter concludes
with a small discourse on material interaction asymmetries.

2.1 Brief introduction to the Standard Model of particle
physics

The Standard Model of particle physics (SM) is the widely accepted and best-tested
theory to describe particles and their interactionsE] It contains the fundamental particles,
quarks and leptons, that build all visible matter. The electromagnetic interaction holds
atoms, molecules and solid state bodies together. The strong interaction binds the con-
stituents of nucleons and forms a nucleus out of them. And finally, the weak interaction
describes decays of quarks and leptons, which leads, for example, to radioactivity.

The Standard Model of particle physics is a renormalizable quantum field theory.
Its Lagrangian, see Figure is gauge invariant under local transformations of the

SU@3)c @ SUQ2), @ U(1)y

symmetry group.

The matter fields of spin 1/2 (fermions) are the quarks and leptons. Quarks and
leptons appear in three generations each of them consisting of a doublet. The up-type
quarks are the up, the charm and the top quark. The down-type quarks are the down,
the strange and the bottom quark:

(5) () )

!Throughout the document B stands for B® and B* mesons and D for D° and D" mesons. The
inclusion of charge-conjugate processes is implied throughout the work, unless explicitly stated otherwise.
2The introduction to the Standard Model is based on Refs. [11113].
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Figure 2.1: A concise description of the SM Lagrangian. Credits: Cern Gift Shop.

The three doublets of leptons consist of the electron, the muon, the tau and the related

neutrinos:
Ve vy vy
e~ ) Mf 9 T

Each fermion has a corresponding antiparticle with opposite quantum numbers but the
same mass.

The force carriers of spin 1 are the generators of the symmetry groups. The generators
of quantum chromodynamics (QCD), the SU(3). symmetry group, are the eight
massless gluons, g. Gluons couple only to quarks and to themselves via their colour
charges. The two main features of the strong interaction are confinement and asymptotic
freedom. Confinement means that only colour-neutral objects exist, which have to be
made from multiple quarks. Hence, free quarks cannot be observed. Asymptotic freedom
of quarks appears due to the running of the strong coupling constant that is very large
at low energies but very small at high energies. Thus, quarks are are quasi-free at small
distances. The strong interaction is discussed in more detail in Section [2.6]in the context
of particle production at the Larger Hadron Collider (LHC).

The electroweak symmetry group, SU(2)r, x U(1)y, is generated by the photon, -,
and the gauge bosons, W+, W~ and Z°. Their masses are generated by spontaneous
symmetry breaking of this symmetry group. Spontaneous symmetry breaking is
implemented in the Standard Model through the so-called Higgs mechanism, which
leads to a massive spin 0 particle, the Higgs boson. Fermion masses are generated
by Yukawa interactions between the Higgs and fermion fields. The generated masses
range from 511keV/c? for the electron to more than 170 GeV/c? for the top quark. The
masses of each fermion and boson are given in Table The Higgs boson was the last
missing particle of the Standard Model. The discovery was announced in July 2012 by
the ATLAS and CMS experiments. After breaking the electroweak symmetry
group to the electromagnetic and weak interaction, one generator, the photon,
remains massless. The photon couples to the electric charge of quarks and leptons;
neutrinos are electrically neutral and do not take part in electromagnetic interactions.
While Z° bosons couple with different strengths to the left- and right-handed (chiral)
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Table 2.1: The particle content of the Standard Model including measured masses |16].

Fermions
Spin 1/2 Quarks Leptons
Generation Type Mass Type Mass
) u 2.3 MeV/c? Ve < 2eV/c?
d 4.8 MeV/c? e 511.0 keV/c?
5 c 1.28 GeV/c? vy < 2eV/c?
s 95 MeV/c? p~  105.7MeV/c?
5 t 173.5GeV/c? | v, < 2eV/c?
b 418GeV/c? | 1= 1.78GeV/c?
Bosons
Spin 1 Spin 0
Type Mass Type Mass
v 0 HY  125GeV/c?
g (8) 0

7% 91.2GeV/c?
W+ 80.4GeV/c?

components of particles, the charged gauge bosons of the weak interaction, W and
W™, couple only to left-handed particles. The weak interaction is short-ranged due to
the high masses of W* and Z° bosons, 80 GeV/c? and 91 GeV/c?, respectively. Charged
currents allow transitions between up- and down-type quarks as well as transitions
between charged and neutral leptons. This is discussed in more detail in Chapter as
it is a requisite for mixing of neutral mesons and CP violation.

2.2 Charged weak currents

The following section introduces charged weak currents. Furthermore bottom and charm
decays are discussed, including higher order corrections.

2.2.1 Charged currents and CKM matrix

The W¥ bosons mediate the charged currents of the weak interaction. They change the
flavour of particles, e.g., a charged lepton radiating a W~ boson turns into a neutrino
or a down-type quark turns into an up-type quark. The interaction Lagrangian of
W+ bosons with fermions is given by

L= T W+ JGwE) (2.1)

2
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where gy is the SU(2)1, coupling constant and J#J the weak charge-raising current. It
can be written as

o—
J{/‘VT = Ve vy v M(1- Y\ |+ (u ¢ t)+y"(1- Py, ls] (2.2)
T b

where Vj is a unitary matrix, the quark fields are given in their mass eigenstates and the
leptons in their flavour eigenstatesﬂ The matrix V; is discussed after a short discourse
on the structure of charged currents.

The matrices 7* and 7° are also known as the Dirac matrices. The opera-
tor % (1 F 75) projects onto the left(right)-handed component of a Dirac-spinor. An
interaction of the form y*1 is called vectorial as it transforms like a vector under
parity transformation, P,

Pr=-% . (2.3)

Terms like ¥y#4%1 transform as an axial-vector, L with PL = L. Thus, the weak
interaction Lagrangian has a V' — A structure which maximally violates parity.

A similar argument holds for the charge conjugation operator, C', which reverses all
charge quantum numbers, e.g.

Cle™)=le") . (2.4)

The transformation C of Dirac-spinors is given by

Cyp =iv*y) . (2.5)

As 7% and ~* anti-commute ({7°,7"} = Y°y* + y*~° = 0), the C transformation of
Py*y51) accumulates an additional minus sign. Therefore, the weak interaction also
violates C' maximally. A more concrete consequence is that charged currents only
couple to left-handed particles and right-handed antiparticles. The relevant particle—
antiparticle transformation in the context of the weak interaction is the combined
transformation CP.

As already mentioned, the fermion fields are given in their mass eigenstates in
Equation Mass eigenstates diagonalise the Yukawa interaction terms which generate
quark masses in the SM Lagrangian:

mq(Qrar +qr4L) (2.6)

where my is the quark mass, g, and gr are the left- and right-handed components of
a spinor, respectively. The mass eigenstates ¢ defined by this equation and the weak
eigenstates ¢’ do not have to be the same. The matrix V; is a unitary transformation
matrix between the two bases:

d/
sl1=V, |s] . (2.7)
v b

3The effect of non-vanishing neutrino masses is negligible in all processes relevant for this analysis.
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Vud wd

— -
(a) 44 44

Figure 2.2: The Feynman diagrams for (a) d-to-u and (b) d-to-u transitions.

In the basis of the states ¢’ the charged current has only transitions within the doublet

of each generation
U c t
(&) (2)- ()

A non-diagonal matrix V, allows transitions between different generations of quarks.
The matrix V; is also known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix

Vud Vus Vub
Vekm =Vy= | Vea Ves Vo . (2.8)
Vie Vis Vi

As an example, the Feynman diagram for a d-to-u transition is shown in Figure [2.2]
Feynman diagrams are pictorial representations of the calculation rules to obtain the
transition matrix element of fundamental processes. The transition matrix element of
a d-to-u transition is proportional to V4, while the matrix element of a d-to-u quark
transition is proportional to the complex conjugate, V.*,.

The CKM matrix has four free parameters, three real amplitudes and one phase. A
common parameterisation which emphasises the hierarchy of the CKM matrix is the
Wolfenstein parameterisation [17]

1—142)2 A AX3(p — i)
Vekm = - 1—1/2)2 AN? +00Y . (29
AN —p—in) —AN 1

The expansion parameter A is roughly 0.22. The parameterisation shows that transitions
from one to the next generation are suppressed by A and A2, whereas the elements on
the diagonal are close to one. Transitions between the first and the third generation are
suppressed by three orders of A. Suppression by orders of A are referred as Cabibbo-
suppressed in the following. The other parameters of the Wolfenstein parameterisation
are between 0.1 and 1, they do not change the order of magnitude. Up to A? terms, the
only elements with complex components are V,; and V4.

2.2.2 Charmed beauty decays

As the top quark has a mass of about 170 GeV/c?, B mesons with a mass of about
5.3 GeV/c? cannot decay into hadrons containing a top quark. The transition with the
largest amplitude is b — ¢W ™, which is already suppressed by two orders of A, see
Equation [2.9] This gives b hadrons a substantial lifetime. For example, the lifetime
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Figure 2.3: The tree-level diagrams for (a) B~ — D%~ 7, and (b) B~ — D%~ . The branching
fractions are (2.26 & 0.11) % and (0.481 &+ 0.015) %, respectively [16].

of a B® meson is (1.519 + 0.007) ps [16]. Transitions between the third and the first
generation are suppressed by an additional factor of \. Therefore, the majority of
the decays has a ¢ hadronﬁ in the final state. In this thesis the decays of interest are
decays with a D° meson in the final state. B~ mesons are more likely to decay into a
DY meson as the spectator quark, a u quark, can be used to form a D state. The decay
of B® mesons to D? mesons proceeds predominantly via the D* resonance which has a
branching fraction of (67.7 & 0.5) % [16] to the final state D** — D%r. The measured
inclusive branching fractions of B~ — DX is (79 & 4) %, the one of B®— DX is
(47.4 +2.8) % [16].

The W~ boson then decays further into two fermions. All quark and lepton doublets
except the third quark generation are accessible. Decays containing a b— c¢{~ Ty transi-
tion are called semileptonic decays, whereas b— cqq transitions are called hadronic
decays. The Feynman diagrams for one specific semileptonic and one specific hadronic
decay are shown in Figure [2.3] These types of Feynman diagrams are called tree-level
diagrams as they figuratively have a trunk and branches. They are the diagrams of
lowest order.

As the mass of B mesons is substantially larger than the D° meson mass, 1.86 GeV/c?,
additional particles can be produced in the hadronization process. Most decays do
not appear as clean as Figure Very often higher D resonances are created in the
B decay, which then decay further to D°, D* or D} mesons. Final states, excluding
the DY decay products, with seven and more particles have been observed. In fact
the particle data group (PDQG) lists much more than 100 observed final states with a
D meson [16]. In order to identify the flavour of a neutral charm meson, D° or DY, the
charge of the W¥ boson from the b— ¢cWW~ or b— W transition, respectively, has
to be determined. In a semileptonic decay the lepton in the final state originates from
the b— c¢~ Uy transition. It is sufficient to reconstruct the lepton and its charge to
tag the flavour of the D° meson. Roughly 20 % of the B decays are semileptonic. The
remainder are hadronic final states. The full hadronic decay has to be reconstructed to
determine the flavour, for example in a decay like B~ — D%~ 77~ the pion from the
b— cqq transition is hard to identify. The branching fraction to the simplest hadronic
final state, D7, is significantly smaller than the semileptonic branching fraction, see
Figure Hence, semileptonic B decays are a rich and clean source of DY mesons.

4Due to convention, B® and B' mesons contain a b quark, while D° and D' mesons contain a
¢ quark.

10



2.2. Charged weak currents 11

(a) negatively-tagged (b) positively-tagged

Figure 2.4: The topology of semileptonic (a) B and (b) B decays. The reconstructed final
states are D? and 1~ or D° and p™. The neutrino and further particles X are not reconstructed.

Semileptonic B decays with taus and electrons are experimentally more challenging
than decays with muons in the final state. Taus have a short lifetime. If produced at the
LHC, they decay in average after a few millimetre and the tau final state always contains
at least one neutrino. Therefore, the reconstruction efficiency is small. Electrons are
also harder to reconstruct than muons as they undergo much more electromagnetic
interactions than muons when passing through matter. The interaction of particles with
detector material is discussed later in Chapter In contrast, the lifetime of muons
is long enough to traverse the whole detector and their interaction rate with the detector
material is low. Particles which are produced in the acceptance of the LHCb detector
have a large boost. Chapter is dedicated to particle production at the LHC. Due to
the large boost, the muon and the D° meson form a vertex which is displaced from the
pp collision as B mesons have a long lifetime. Therefore, semileptonic B decays with a
muon in the final state have clean detection signature.

The decays considered in this analysis are B~ — Dou_ﬁuX and BY— Dou_ﬁuX
where X are any other possible particles. As mentioned before, the decay of B® mesons
to D° mesons proceeds via a charged D*' resonance, B — D**(— D% ")u~7,X.
Thus, in BY decays there is at least one additional charged meson. However, only the
DY meson and the muon, for the flavour tag, need to be reconstructed. Both decays are
collectively referred to as B— D%~ X where X are not reconstructed particles. Due to
the different branching fractions to D° mesons [16] and assuming the same reconstruction
efficiency, the fraction of B mesons in this sample, f(B%) = N(B")/(N(B°) + N(B1)),
is (37.5 +2.9) %.

A D° meson is tagged by the charge of the muon in the reconstructed decay
B— D~ X and a D° meson by B— Du" X. The selected sample of semileptonic B
decays is also referred to as muon-tagged D° decays. The topology of positively- and
negatively-tagged events is depicted in Figure The final states of the D decays are
discussed in the following section.

11
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Figure 2.5: The tree-level diagrams of two-body D° decays.

2.2.3 Tree-level charm decays

A D° meson decays into lighter mesons via the weak interaction. The simplest system
are two-body decays. Only final states with charged kaons and pions are considered as
they are experimentally less challenging to reconstruct. This leaves four possible decays:
DY K=+, D% KK+, D’ 7=zt and D’ — K*7~. They can be divided into
three categories:

Cabibbo-favoured (CF): The decay D — K-zt is called Cabibbo-favoured.
Both transitions are within one quark generation. The decay rate is propor-
tional to |VAV,4|? ~ 1, see Figure The measured branching fraction is
(3.88 £0.05) x 1072 [16].

Singly Cabibbo-suppressed (SCS): The decays D’ — K~ K* and D°— 7~ 7t are
singly Cabibbo-suppressed as in both decays one transition from the second to
the first quark generation appears. The matrix elements are of order A as they
are proportional to VXV,s and Vi V,4, respectively, see Figure 2.5b| and [2.5d
Both decay rates are proportional to A2. The measured branching fraction of
D% — K=K is (3.9640.08) x 1073 and of D° — 7~ 7" is (1.40240.026) x 1073 [16].

Doubly Cabibbo-suppressed (DCS): The decay D°— K*7~ is a so-called wrong-
sign decay as the final state particles have opposite charges compared to the
Cabibbo-favoured decays, see Figure The decay rate is proportional to
|V Vaus|? oc AL The measured branching fraction is (1.37 4 0.06) x 10~ [16].

The analysis uses DT — K%+ and DY — K- ntat decays for calibration pur-
poses. Both involve a ¢— sud transition and are therefore Cabibbo-favoured. The
Dt — K~ntxt branching fraction is about six times higher than the DT — KOx*
branching fraction, (9.13 +0.19) % and (1.47 + 0.07) % [16], respectively.

12
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Figure 2.6: Two box diagrams describing DD mixing.

V*l; Vb V*l; Vb
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Kt xt

K~ T

U U U U

Figure 2.7: Two penguin diagrams for (left) D° — K~ K* and (right) D° — 7~ 7t decays.
The contribution of d and s quarks in the loop is GIM suppressed.

2.2.4 Higher order processes: Box and penguin contributions

The Standard Model does not allow for flavour-changing neutral currents (FCNC) at
tree-level. Consequently, in order to change the flavour of one up(down)-type to another
up(down)-type quark, two subsequent charged currents are necessary. Two so-called
bozr diagrams are shown in Figure The flavour is changed twice by virtual particles
in the loop. In both diagrams the flavour of the charm quark changes from c¢ to ¢
and the DY meson oscillates into a D° meson. All generations of quarks contribute as
the particles in the loop are virtual. The contribution of each individual box diagram
scales with m§ /M3, and the involved CKM matrix elements. In the limit of equal or
vanishing quark masses, the different box diagrams would cancel due to the unitarity
of the CKM matrix (GIM-mechanism). Here, the contribution of b quarks in the loop
to the matrix element is highly CKM suppressed, as |V||Vis| oc A5, The dominating
diagrams with internal d and s quarks effectively cancel each other as d and s masses
are similar compared to the ¢ mass. This leads to a very small the D° mixing frequency.

Another type of FCNC diagrams are so-called penguin diagrams. The penguin
contribution to D° — K~ K™ and D°— 7~ 7t decays is shown in Figure Penguin
diagrams are characterised by the topology that a quark changes flavour via an internal
loop with a charged current. The virtual quark in the loop then participates in a strong
or electromagnetic interaction. The gluon or photon from the interaction creates a
quark—antiquark pair which hadronizes together with the other quarks to the final
states mesons. The size of the penguin contribution depends on the particles in the
loop. Here, the b quark contribution is Cabibbo-suppressed with respect to the matrix

13



14 2. Theory of particle-antiparticle asymmetries

element of the tree diagram by the factor |V Vi,/VViua| o A for DY — 7~ 7t and
Vi Vin/VEVus| o< At for D®— K~ K+ decays. The contribution of d and s quarks in
the loop is suppressed by the already discussed GIM mechanism.

It should be pointed out that in both mentioned processes CKM matrix elements
with a non-zero phase are involved. When looking at the CP mirrored process, the
complex conjugated of the matrix element is used. The implications are discussed in
the next section as it leads to CP violation in the Standard Model.

2.3 Neutral meson phenomenology

The weak interaction discussed in Chapter leads to neutral meson mixing and CP
violation in the Standard Model. Here, the phenomenology of mixing and CP violation
is discussed with the focus on neutral charm mesons.

2.3.1 Neutral meson mixing

The charged currents couple a meson, DY, and its anti-meson, D", to a two-state
systemﬁ The effective Schroedinger equation with the Hamiltonian H = (M — %I‘) i

(i) = (r-2r) (5:6) =
- (68 3) @ 12) (540)

where M = Mt and T' = T'f. M is the mass matrix and T' the decay matrix.
CPT symmetry requires that m = My; = Moy and I' = I'1; = 'y, Off-diagonal
elements of the mass matrix M are related to the box diagrams shown in Figure [2.6]
The off-diagonal elements of the decay matrix I' originate from weak decays common to
the states D? and D°.

The mass eigenstates, Dy, of H obey an exponential decay,

‘DH/L(t)> = €7iMH/Lt€7FH/Lt/2‘DH/L> y (211)
where the masses and lifetimes are given by:
m o= MutMp oo o+l 1
2 ’ 2 T’ (2.12)

Am = My—M;, AT = T, -Ty.

Am is always chosen to be positive, AI' can have both signs. The combinations
x = Am/T" and y = AT'/(2I") are commonly used to describe the mixing parameters.
The mass eigenstates, Dy and Dy, can be written in terms of the strong interaction
eigenstates, D and D, as

|Dp) o< p ‘DO> +q ‘EO> ,

Dy} o p| DY) — | D) . (2.13)

®The presented summary is based on References [16}[18}[19].
5The discussion is equivalent for all neutral meson systems.
"The convention i = ¢ = 1 is used here to simplify the formulas.

14



2.3. Neutral meson phenomenology 15

Table 2.2: The mixing parameters of K%, DY, B® and B? mesons [16]. Approximate numbers
are calculated from the measured values in the table.

Meson Mass Lifetime
KO m = (497.614 & 0.024) MeV/c?
K? _ 105 -1 Ts = (0.8954 4 0.0004) x 1071%s
K9 Am = (0.5293 4 0.0009) x 10'%Ahs 71 = (5.116 + 0.021) x 10~5s
r~0.9 y~1
m = (1864.86 4= 0.13) MeV/c? 7=(410.1+1.5) x 107195
DO Am = (1.44703%) x 10071 2y = (1.60703%) x 102
x =~ 0.006 y =~ 0.008
m = (5279.58 & 0.17) MeV/c? 7= (1.519 £ 0.007) x 10725
BY Am = (0.507 4+ 0.004) x 10*2hs~! ATl =0
x ~0.77 y=~0
m = (5366.77 4= 0.24) MeV/c? 7= (1.497 £ 0.015) x 107125
B Am = (17.69 +0.08) x 102has~! AT = (0.100 £ 0.013) x 1025~}
x =27 y ~ 0.07

where p and ¢ are complex parameters with the normalisation requirement [p|%+|¢|? = 1.

The ratio is given by

2 * STk

<q> - 2My, — il ] (2.14)
D 2Myo —il'12

The time evolution of the states D° and D° can be obtained by combining Equations
and .13}

D)) = g4(t) D)+ gg_@) D), (2.15)
D) = o-() D)+ g:0) D), (2.16)

where the functions g (t) and g_(t) are given by
gi(t) = e Mt 2 [ cosh Ait cos Amt i sinh Al't sin Amt} , (2.17)
g_(t) = e Mt T2 [— sinh ALt cos Ami + i cosh ALt sin Amt} . (2.18)

Equations [2.15| and [2.16| are not symmetric under CP transformation if %
from 1. This defines CP violation in mixing. Different types of CP violation are
discussed in Section

Table summarises the mixing parameters of K%, D, B® and B? mesons. Neutral
kaons have a very large lifetime splitting. The lifetime of the long-lived state, K?, is
about 500 times larger than the one of the short-lived state, K2. The mixing frequency
is small compared to the average lifetime. The mixing frequency of B mesons is
comparable to their lifetime, z =~ 0.77, while Bg mesons mix many times before they
decay, x ~ 27. Both b-quark meson systems have only a small lifetime splitting. Neutral
charm mesons neither oscillate fast nor have a substantial lifetime splitting as the
parameters = and y are of the order of 1072.

’ is different

15



16 2. Theory of particle-antiparticle asymmetries

2.3.2 CP violation

The decay amplitude of a state D° to a multi-particle final state, f, is given by
Ap={(fIH|D°) |

where H is the Hamiltonian describing the weak interaction. The amplitude of the
CP-conjugate decay is - 7 B
Az = (f|H|D") . (2.19)

If |A¢| is different from \Eﬂ, the decay is CP-violating. This is called direct CP
violation. Direct CP violation occurs in neutral and charged meson decays. The main
subject of this thesis is direct CP violation in DY decays.

For neutral mesons, final states f with non-vanishing decay amplitudes

Ap = (fIH|D") and Ay = (f|H|D°) (2.20)

exist. The doubly Cabibbo-suppressed D° — K+t7~ and D°— K ~nt decays, discussed
in Chapter are examples. CP violation in mixing appears if

’;' 41, (2.21)

cf. Chapter CP violation in mixing does not depend on the final state. If there is
a final state common to D® and DP the direct decay interferes with mixing followed by
the decay. The quantity

_ a4y

f pAs

encodes the two related types of CP violation. CP violation in the interference of
mixing and decay is characterised by

(2.22)

ImA;£0 . (2.23)

The requirement that the final state is common to D? and D° is automatically fulfilled
if the final state is a CP eigenstate. A CP eigenstate is defined by

CP|fcp) =n§" |fop) withnep = +1 . (2.24)

The final states of D° — 7~ 7+ and D° - K~K7* decays are CP eigenstates with
nop = 1 (CP-even). The final state K~ 7" is not a CP eigenstate. CP violation in
mixing and in the interference of mixing and decay are commonly called indirect CP
violation as both are induced by mixing in contrast to direct CP violation which
appears only in the decay.

16



2.4. Neutral charm meson phenomenology 17

2.4 Neutral charm meson phenomenology

This section transfers the concepts from the previous discussion to the sector of neutral
charm mesons with the focus on D?— K=K and D — 7~z decays.

2.4.1 CP violation in charm decays

The decay amplitude of D° and D° meson decays to a common CP-even eigenstate
(n](fp = 1) can be written as [19]:

Ar = A? (1 + T‘fei(éf—msf))
B , (2.25)
A= AT (1 + rfefwf*‘ﬁf))

The individual components are discussed in the context of the Standard Model for
DY - K~K7* and D° — 77t decays. A? is the tree-level contribution, see also
Figure and is real by convention. Phases of other contributions are relative to
the tree-level contribution as an overall phase in the decay amplitude cancels in the
transition probability. The real number 7 is the ratio of tree and penguin contributions.
Naively, the value of r is of order A* ~ 0.002 for D°— 7~7 and D’ — K~ K™ decays
with a b quark in the loop, see Figure as the ratio of CKM matrix elements is
(Vo Vs / Vi Vual and |V Vi [V Vis|, respectively. Therefore, the second term can be
treated as a small correction. The phase ¢ is the relative weak phase of the penguin
to the tree-level contribution . It is a so-called weak phase as it changes sign under
CP transformation. In the Standard Model the only source of weak phases are the
CKM matrix elements that are involved in the weak interaction. At order A\*, the CKM
matrix element V,; has a complex component, see Equation . The phase d; is a
so-called strong phase. A strong phase is defined as a phase which does not change sign
under CP transformation. Here, a relative strong phases of the penguin to the tree-level
contribution is induced by the hadronization to the final state. The latter is invariant
under CP transformation as the strong interaction is CP conserving. The presented
decomposition is generally valid and not restricted to the Standard Model.

The time-integrated CP asymmetry of D? mesons decaying into a CP eigenstate f
is defined as _
I'(D° — f) —T(D° — f)
(DO — f)+T(D° — f) ’

where T'(D® — f) and I'(D° — f) are the decay rates of D® — f and D° — f decays,
respectively. The CP asymmetry has contributions from direct CP violation but also
from CP violation in mixing and the interference of mixing and decay. All three
contributions are small given the current experimental constraints and Standard Model
predictions. Therefore, they can be separated:

Ace(f) = agp(f) + adb(f) + o (2.27)

Acp(f) = (2.26)

where aliL,(f) is the direct CP asymmetry, al8b(f) the contribution from interference of
mixing and decay and ag}i‘ the contribution from CP violation in mixing. In principle,

17



18 2. Theory of particle-antiparticle asymmetries

direct and indirect CP asymmetries depend on the final state. However, inserting
Equation 2:25 into Equation yields

g Ar g 1l4rpeilrton)
N p Af N p1 +Tfei(5f_¢.f)

~
~

Af T = _Re? | (2.28)
p

where terms of order r; have been neglected in the ratio. At this order, Ay is universal
for every CP eigenstate. R,, is defined as |¢/p| and ¢ is the relative weak phase between

the mixing and the decay amplitude. The time integrated CP asymmetry is then
Acp(f) = alp(f) + alp + ol (2.29)

where the direct part depends on the final state and the indirect part is independent of
the final state.
The direct CP asymmetry can be written as follows:

_|Ag? — A2

dir . .
acp(f) = —— =27 sin¢y sindy (2.30)
|[Agl? + [Af]? ’
which shows that a non-vanishing relative weak phase and a non-vanishing relative
strong phase of two contributions to the decay amplitude are necessary conditions to
establish direct CP violation. Following Reference [19], the components of the indirect

CP violation can be written as

ah = Z(Ry, + R, sing
(2.31)

NS V)

aBy = §(Rm — R, Ycoso .
As x and y are small in the DY system, see Table indirect CP violation is expected

to be small.

2.4.2 Predictions and theoretical uncertainties of direct CP violation

Naively, the penguin contribution of DY - K~K* and D — 77T is Cabibbo-
suppressed by A\* ~ 1073 and a QCD loop factor which is usually estimated to be
smaller than 1, thus,

adin(f) <01% . (2.32)
In the limit of vanishing quark masses and neglecting strong interaction dynam-
ics, sindx- g+ = sindy—r+, the direct CP asymmetry |adih(7~77)| would be equal
to the direct CP asymmetry |ad5(K~K7T)| and both would have opposite sign as

‘7*‘/ ‘7*‘7 —1

ub ub

b _cb ud ~ —

Vcc*d‘/'ud (V.}S%S) 1, cf. Chapter [2.2.4]

The LHCb experiment measured the experimentally robusﬁ difference of CP asym-
metries, AAcp = Acp(K~KT) — Acp(r~7"), in 2012 [1] to be

AAcp = (—0.82 + 0.21 (stat) £ 0.11 (syst)) % . (2.33)

8Tt will become clear in the course of the document that it is experimentally less challenging to
measure the difference of CP asymmetries at a proton—proton collider, rather than a single asymmetry.
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2.4. Neutral charm meson phenomenology 19

K+

Figure 2.8: A sketch of the long-distance effects contributing to the Penguin amplitude in
D° — K~ K™. First, the matrix element of the penguin contribution is modified by hadronic
interactions between the colour-charged constituents. Second, the final state 77" can rescatter
via long-range dynamics to the final state K~ K+ and, thus, contribute to D° — K~ K™ decays.

Although the value is small compared to CP asymmetries in other meson systems, the
measured value was larger than previously expected.

However, theoretical predictions in the charm system are difficult, see e.g. Ref-
erences [20}21] for detailed studies. Hadrons are not systems of free quarks. Only
colour-neutral multi-quark states exist. Therefore, the initial and final state are always
in a confined hadronic state. The scale of QCD, Aqcp, is around 300 MeV/ ¢? which is
roughly the binding energy of a valence quark in a proton. The coupling constant, ag,
increases at small energies or long distances but decreases for high energies or short
distances (asymptotic freedom). In a weak decay of a hadron the short distance is
mainly determined by the weak interaction and the long distance is dominated by
non-perturbative QCD dynamics. In b-hadron decays, this allows to separate the calcu-
lation of decay amplitudes into two distinct parts, see also Reference [22|. The b mass
(4.18 GeV/c?) is sufficiently larger than Aqep. Kaon decays are at the other end of the
spectrum at low energies as my ~ 95 MeV/c2. In both systems it is possible to separate
the two scales and to make precise predictions. Nevertheless, the main theoretical
uncertainties are still coming from non-tractable long-distance effects. The charm quark
mass of 1.28 GeV/c? is somewhere between both regimes. It is larger than Agcp but
only by a factor of four. Thus, it is difficult to separate the short- and long-distance
effects. This makes reliable predictions difficult. A sketch of the non-perturbative
QCD dynamics is shown in Figure [2.8]

A common approach in physics to simplify calculations or to categorise processes is to
exploit symmetries even if they are not perfect. The decays D° — K—nt, D — K7~
DY - K~K7*, D" — 77T and other two-body D decays can be all treated alike if
u, d and s quark masses are assumed to be equal. Then the flavour, u, d or s, is
simply another degree of freedom similar to the colour charge. Equivalent to QCD,
the symmetry group is SU(3)p. In the SU(3)p limit the measured ratios of branching
fractions are simply given by the ratios of CKM matrix elements after correcting for
phase-space effects [20], e.g.:

D(D°— Kt ) _ [VaVasl®
(D= K-7t)  [ViaVudl? ’

I(D°— K~K*)/|px| _ |ViVus)®
T(DO— 7=t /[pe] |V Vaal? ™

R =

1.

Ry =
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20 2. Theory of particle-antiparticle asymmetries

The experimental results yield that R;/\* is approximately 1.28 +0.03 and Rs about
3.22 +£0.09 [16}23]. Both deviate significantly from unity and the SU(3)r symmetry
is obviously broken. There are several possible reasons for this breaking. First, the
approach that m is equal to m,/q holds only approximately at the scale of m.. Second,
the penguin diagrams shown in Figure could be enhanced by long-distance effects.
Third, there could be unknown effects beyond the Standard Model.

The breaking of the symmetry has been studied, among others, in References [20}21]
by performing global fits to several observables, including branching ratios and CP
asymmetries in two-body decays of D mesons. The conclusion of the studies is that
SU(3)r is broken by at least 30 %. The difference in branching ratios can be due to the
non-vanishing s quark mass. The CP asymmetries of O(1 %) require an enhancement
of the naive penguin contribution of O(2 — 5). This enhancement might be attributed
to non-perturbative hadronic effects and is not necessarily a sign of physics beyond
the Standard Model. However, contributions from models with an extended flavour
sector cannot be excluded. An important consequence of the SU(3)r breaking is that
the direct CP asymmetries in D° — K~ K+ and D — 7~ 7" decays are not inevitably
equal in magnitude and of opposite sign.

2.4.3 Motivation of the analysis

In the decays of B, K°, B? and recently B? mesons CP violation has been well
established. The neutral mesons have in common that they are exclusively built out of
down-type quarks. The only mesons consisting of up-type quarks and where CP violation
has not yet been discovered are D° mesons. The main reason for the lack of discovery
are the small CP-violating effects in the charm sector predicted by the Standard Model.
The world average of direct CP violation in September 2012 was

Aadls = a3t (D — K~ K1) — ad5(D° = 7 nt) = (—0.678 £ 0.147) % [23], (2.34)

which was a first evidence for CP violation. A comparison of all the measurements
is shown in Figure 2.9 It shows the results for the difference of Acp(K~K™) and
Acp(n~ ™), AAcp. As this is experimentally less challenging, most analyses determine
this quantity. A better theoretical interpretation of long-distance effects is possible
if both CP asymmetries are measured individually. The best measurements of the
individual asymmetries are from the CDF collaboration [24]

Acp(K~ K1) = (-0.324+0.21) % ,

2.35
Acp(m ") = (4031 £0.22) % . (2.35)

Both measurements are consistent with small CP-violating effects.

Especially, the AAgp results sparked a huge interest in the theory community
as the size of the measured CP violation was larger than previously expected. In
several publications the results were analysed. The publication “Fwvidence for CP
violation in time-integrated D — h™h™ decay rates” [1] is one of the most cited analyses
from the LHCDb experiment. Most theoretical studies concluded that the Standard
Model can accommodate CP-violating effects of this magnitude due to non-perturbative
contributions. However, most also state that it is difficult to explain the QCD dynamics
and might also be due to physics beyond the Standard Model [20,21].
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Figure 2.9: An overview of relevant A Acp measurements in September 2012 from BaBar [25],
LHCD [1], CDF [24] and Belle [26].
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Figure 2.10: Possible contributions by (a) heavy gauge bosons and (b) charged scalars to
DY — 7=nT and D°— K~ K decays. Figure taken from Ref. [27].

There are several models with an extended flavour sector which can explain larger
values of direct CP violation in the charm sector. A comprehensive list can be found
in Reference [27]. Physics beyond the Standard Model could introduce extra flavour-
changing neutral currents with additional heavy gauge bosons or additional charged
currents with an extended Higgs sector. Both would introduce extra tree-level and
box diagrams. Exemplary Feynman diagrams are shown in Figure As mentioned
before, a particularity of D° mesons is that they consist of up-type quarks. Due to
its high mass the top quark is more sensitive to physics at large energy scales. This
could then effect processes involving charm quarks through additional flavour-changing
neutral currents, either at the tree-level or in loop diagrams.

In summary, it is important to pursue measurements of CP asymmetries in the
charm sector and to make more precise measurements until CP violation in the charm
sector is as well established as for kaons and B mesons. Nevertheless, it might be more
difficult to interpret the results compared to B mesons.

One of the main achievements of this work is to develop the necessary tools which
enable measurements of the difference and the individual asymmetries at the low per-
mille level. This makes these measurements a good test of the Standard Model and
beyond but also an important benchmark of the performance of the LHCb experiment.
The experimental challenges are detailed in the course of this document.
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22 2. Theory of particle-antiparticle asymmetries

2.5 Material interaction asymmetries

In an experiment, CP asymmetries are not the only source of particle-antiparticle
asymmetries. To detect decay products of D or B mesons, the particles have to traverse
at least parts of a detector. Here, in particular, it is the LHCDb detector which is
discussed in in Chapter Detectors consist out of matter, while decay products are
particles and antiparticles. The interaction with the detector material gives rise to
detection asymmetries as discussed in the following.

2.5.1 Particle passage through matter

While traversing the detector, different types of particles experience different types of
interactions |16]:

Bremsstrahlung: A charged particle loses kinetic energy when it is deflected by
another charged particle. The energy is released in the form of photons. The
amount of so-called bremsstrahlung depends on the rest mass and the velocity of
the deflected particle. The geometry of the detector requires that charged particles
have a momentum of more than 2 GeV/¢, otherwise they are bent out by the magnet.
Therefore, all electrons of interest are ultra-relativistic and bremsstrahlung is
the dominant contribution of energy loss. For heavier particles with mass M
bremsstrahlung is not relevant as it is suppressed by the factor (7]’\1/; )2. The amount
of energy loss is quantified by the radiation length of a specific material, Xg. The
energy of an electron particle after traversing a distance, x, in that material is
given by

E.(z)=FEye %o | (2.36)

where FEj is the initial energy. As an example, the radiation length of aluminium
is about 65cm. The contribution of each component of the LHCb detector is
given later in Table An electron loses about 35 % of its initial energy when
traversing the tracking system.

Tonisation: Heavy charged particles lose energy due to single collisions with electrons
in the material. Atoms are either ionised or excited by the interactions. The mean
rate of energy loss, —(dF/dz), is described by the Bethe-Bloch formula. In the
momentum range of 2 to 100 GeV/c this effect is minimal. The energy loss in a
specific material, AFE, after a distance, x, can be approximated by

dE

AE=— 2
ax

x . (2.37)
min
Typical values for detector material are a few MeV energy loss per cm. Thus,
heavy charged particles have to traverse large amounts of material to lose significant
energy. As muons only interact electromagnetically, they can traverse the whole
detector.

Multiple scattering: Charged particles can also be deflected by the electromagnetic
field of nuclei. A sequence of Coulomb scatterings is called multiple scattering.
The angular dispersion can be modelled as a Gaussian. Multiple scattering does
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2.5. Material interaction asymmetries 23

not change the charged particle’s energy but changes the initial flight direction
and, thus, affects the momentum resolution of the tracking system. Multiple
scattering limits the relative momentum resolution of the LHCD tracking system
to 0.4 %.

Hadronic interactions: Charged and neutral hadrons can also interact strongly with
nuclei. The nuclear collision length, A, is the typical length before hadrons
scatter elastically or inelastically with nuclei in the material. The rate of collisions,
dN/dx, per travelled length, z, is given by

v _ oz
dzx N )\T

It can also be expressed by the cross section, op, multiplied with the number
density, n, of the scattering material. The nuclear interaction length, Ar, is larger
as it excludes elastic and quasi-elastic from its definition. For example, aluminium
has a nuclear collision length of 188 cm and a nuclear interaction length of 290 cm.
In many cases, the relevant number is Ay as elastic scattering angles are large.
About 20 % of all hadrons undergo hadronic interactions before they reach the
last tracking station of the LHCb detector. The tracking system is discussed later
in Chapter

=—ornz . (2.38)

2.5.2 Hadronic interaction asymmetries

This analysis requires to reconstruct D° — K~ K+ and D°— 7~ 7t decays to measure
the CP asymmetries Acp(K~K™T), Acp(rm~ ") and AAcp. For calibration purposes
also the asymmetries in D° - K—7t, DT — K—nt7t and DT — K% decays need
to be reconstructed. Their final states are not symmetric under CP transformation.
Therefore, different nuclear collision lengths for particles and antiparticles induce different
detection efficiencies as explained in the following.

For example, the D° — K~ 7+ decay has a K~ meson and the D® — K+~ decay
has a Kt meson in the final state. A K~ meson has the quark content (us) and a
K™ meson is composed of (us). The detector consists to a good approximation out
of the same number of protons and neutrons (isoscalar) [28]. The valence quarks of
protons and neutrons are (uud) and (udd), respectively. Sea quarks appear as gg-pairs.
The w quark in a K~ meson can annihilate with valence and sea quarks, whereas
the s quark can only interact strongly with sea quarks. The v and 5 quark of a K™
meson annihilate only with sea quarks. Thus, a different cross section of positively- and
negatively-charged kaons with protons and neutrons is expected. The parton density
function of sea quarks increases at low Bjorken z, see later Figure 2.13] Hence, the
relative fraction of valence quarks which take part in the scattering process decreases
with a higher kaon momentum. This diminishes the interaction asymmetry. In the case
of pions the situation is symmetric for isoscalar targets as the antiquark can in both
cases annihilate with a valence quark.

The measured kaon and pion cross sections on deuterium and proton targets are
shown as a function of momentum in Figure 2.11] Deuterium is an isoscalar target
and a good proxy of the detector material. As expected, the cross section is clearly
higher for negative kaons in both cases. The difference is larger at low momentum and
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24 2. Theory of particle-antiparticle asymmetries
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Figure 2.11: Measured kaon and pion cross sections on (left) deuterium and (right) proton
targets, as a function of momentum. The data are taken from the COMPAS group [16].

decreases for high momenta. The cross sections of positive and negative pions are equal
for deuterium. For protons, a difference at low momentum can be seen as a proton has
two u and one d quark. However, only charged particles with a momentum larger than
2 GeV/c are of interest for the analysis.

A similar argumentation is valid for K° and K mesons. This is discussed in detail
in Chapter [J] as it requires additional treatment due to mixing and CP violation of
neutral kaons.

2.5.3 Detection asymmetries of charged hadrons

The efficiencies, e(h™) and e(h™), to reconstruct a positively- or negatively-charged
particle, h*, with momentum § are given by

Nrec(h*, )
Ncreated (h:t ) m ,

where it is assumed that the particles are produced in the acceptance of the detector. As
discussed, one source of inefficiency are interactions with the material. Other sources of
inefficiency which are related to the reconstruction of events or which are specific to the
LHCb detector are discussed in Chapter [4l In the case discussed here, the reconstruction
efficiency is reduced by the material interaction as

e(h®,p) = (2.39)

d
+ A (hE D) _ d
E(hi,ﬁ) _ Ncreated(h ,ﬁ) e T P —e A (hE ) , (2'40)

Ncreated (hi ) m

where Ar(hT, ) is the nuclear collision length of particle A with momentum 7 and d is
the flight length in the material. Here, it is assumed that the trajectory of a particle
cannot be reconstructed by the tracking systemﬂ if a particles scatters elastically and
inelastically. Thus, the nuclear collision length is the interesting quantity. The average
d/Ar(h*, ) is typically around 20 % for kaons and pions with a momentum of 20 GeV/c

9The tracking system and the track reconstruction are discussed in Chapter and
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2.6. Particle production and hadronization 25

when traversing the full tracking system of the LHCb detector. Therefore, roughly
20 % of the charged hadrons are already lost because they are absorbed by the detector
material.

The difference in the reconstruction efficiencies of positive and negative particles
to detect a charged particle h* with momentum ' is the detection asymmetry. It is

defined as
E(h_am - E(h+7m

h™ = . 2.41
0= L )+ e (24
Integrated asymmetries are denoted with capital A:
h=) —e(h™
Ap(h—) = S —e(hT) (2.42)

e(h™) +e(h™)

The charged kaon cross section is about 14 % different for K™ and K~ mesons at
20 GeV/e, see Figure This creates a detection asymmetry of about (—1%) for
charged kaons. It should be pointed out that the actual detection asymmetry depends
on the kinematics of a particle. The measured asymmetry of a multi-body final state
contains the effects of several particles. This is discussed later in Chapter

2.6 Particle production and hadronization

In this section the production of heavy quark@ and their hadronization are discussed.
First, particle production in proton—proton collisions is addressed. Afterwards, differ-
ences in the production rate of mesons and the corresponding anti-mesons are treated
as this leads to production asymmetries.

2.6.1 Particle production at the LHC

The LHC collides two beams of protons to create particles. The centre-of-mass energies
in 2011 and 2012 were 7 TeV and 8 TeV, respectively. A proton is a complicated object
built out of three valence quarks, sea quarks and gluons. All constituents interact via
the strong interaction. As the strong interaction conserves flavour, heavy quarks are
produced as ¢q pairs in inelastic proton—proton collisions at the LHC. Either two gluons
or a quark and antiquark collide and subsequently form a heavy quark pair.

Higher orders diagrams play an important role in QCD processes. Therefore, multiple
partons can be emitted. According to Reference [30], parton showers can be divided into
three topologies, based on how many heavy quarks are part of the hard process. The
hard process is the s- or t-channel exchange in the three diagrams shown in Figure [2.12
If two quarks participate in the hard process, it is called pair creation. A ¢g pair is
created, followed by one or more gluon emissions. The topology is shown in Figure
In Figure the final state of the hard process is gb. If only one of the quarks
participates in the hard interaction, it is called flavour excitation. When none of the
quarks is part of the interaction, the topology is called gluon splitting, see Figure
The bb pair emerges from a gluon which participates in the t-channel process. The
dominant processes at LHC energies are pair creation and flavour excitation [30].

OHeavy quark refers to ¢ and b quarks. Top quarks are not of interest here.
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26 2. Theory of particle-antiparticle asymmetries

g b g g
(a) Pair creation (b) Flavour excitation (¢) Gluon splitting
Figure 2.12: Topologies of heavy ¢g production. The hard process in (a) is the gluon s-channel

exchange, in (b) the gluon ¢-channel exchange and in (c¢) the gluon ¢-channel exchange. Diagrams
taken from Ref. .
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Figure 2.13: The proton parton density —Figure 2.14: Polar angle distribution of b and

functions for gluons, u and d quarks at b quarks in pp collisions at /s = 8 TeV. The
Q =100GeV?. Data taken from HERA- beam line is the z-axis, red the LHCb acceptance.

PDF , Figure taken from Ref. .

A bb pair has an invariant mass of about 10 GeV/c? which is small compared to
the centre-of-mass energy of the colliding protons. The parton distribution function
at the corresponding scale of Q = 100 GeV? is shown in Figure Gluons clearly
dominate at low Bjorken x. Partons with low and very different Bjorken z enter the
above described processes to produce a bb pair. Thus, it is likely that the bb pair is
not produced at rest but boosted into the direction of one of the protons. As quark
and antiquark are produced in the same interaction, the kinematic correlation between
the two is high. The polar angle distribution of b and b quarks is shown in Figure m
The large production rate in the so-called forward region drives the design of the LHCb
detector, cf. Chapter[3.2] The same arguments also hold for the production of ¢¢ pairs.

The heavy quarks then hadronize to form a confined state. During the hadronization
the heavy quark combines with one or two lighter quarks to create a meson or a baryon,
respectively. The lighter quarks come from the proton remnants or the fragmentation
process of the initial interaction. The measured fractions of hadronizations to BT,
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2.6. Particle production and hadronization 27

Table 2.3: The measured production fraction ratios. Combination done by HFAG [33].

Quantity ‘ value
Bt or BY fraction f, = fy | 0.401 & 0.007
B? fraction fs 0.107 £ 0.005

b-baryon fraction  fparyon | 0.091£0.015

BY, BY mesons and b-baryons are shown in Table It is usually assumed that the
same amount of B and BY mesons is produced (isospin symmetry). Differences in the
production rate of BT and B~ mesons or BY and B° mesons are discussed in the next
section.

The production cross section of B hadrons at /s = 7TeV in the pseudorapidityIE
interval 2 < 1 < 6 has been measured by the LHCb collaboration to be

o(pp — HpyX) = (75.3 £ 5.4 (stat) + 13.0 (syst)) ub . (2.43)

The pseudorapidity interval corresponds to the acceptance of the LHCb detector,
cf. Chapter

The production cross section of ¢ hadrons at /s = 7TeV has been measured in
a rapidity@ interval of 2.0 < y < 4.5 and a transverse momentum, pr, smaller than
8 GeV/c to be [34]

0 (CC)pr<8Gav/e,2.0<y<a5 = (1419 & 12 (stat) & 116 (syst) £ 65(frag)) ub . (2.44)

The given rapidity range roughly corresponds to the pseudorapidity range of the afore-
mentioned measurement. The last uncertainty is due to uncertainties on fragmentation
functions of ¢ hadrons. The charm cross section is about a factor 20 higher than the
bottom cross section. However, the difference reduces to about a factor of 4 when
counting the number of recorded and selected events. The selection of ¢ and b hadrons
at the LHCb experiment is discussed in Chapters [4 and [6]

2.6.2 Production asymmetries

On the one hand, heavy quarks are predominantly produced in quark-antiquark pairs.
On the other hand, the LHC is colliding two beams of protons. This prevalence of
particles in the initial state has to be transported to the hadronized final states as QCD
is CP-conserving. However, it is not straightforward to translate these two effects into
a production asymmetry of heavy mesons.

B meson production asymmetry

In the following the production asymmetry of B mesons is defined as

5 _ P(B)—P(B)

Ap(B) = pB) L PB) (2.45)

" The pseudorapidity is defined as 7 = —1In (tan g) where 0 is the polar angle with respect to the
beam-axis.
E+pzc
E—p,c

12The rapidity is defined as y = %ln where the z-axis is along the beam line.
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28 2. Theory of particle-antiparticle asymmetries
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Figure 2.15: (a) The collapse to a B meson is depicted at high pr, from [30]. (b) The beam
drag effect is illustrated, from [37]. The red line represents a colour string, pulling on either the
b or b quark.

where P(B) and P(B) are the probabilities to produce a B and B meso respectively.
A simple argument why more B mesons (with a b quark) are produced is that the
structure of the Standard Model is baryon number conserving. Therefore, it is more
likely that the proton remnants combine with a b quark to form a heavy baryon. The
b quark hadronizes preferentially to a meson with a quark from the fragmentation. Thus,
more B than B mesons originate from the hadronization process and the asymmetry
defined in Equation [2.45]is negative.

While the argument explains the sign of the asymmetry, it does not explain the
dynamics of production asymmetries in multiple parton showers. The Lund string
model |35] is a phenomenological approach to describe the hadronization process. Within
the model, the colour flow is described by strings which are formed by self-interacting
gluons. The Lund string model is also the basis of the widely-used event generator
PyTHIA [36]. Two different sources of asymmetries are shown in Figure [2.15]

The first effect, see Figure is more important at high transverse momenta.
A valence quark is scattered to high transverse momentum in the primary interaction.
When a bb pair is created close in phase space by one of the mechanisms discussed in
the previous section, the b quark and the scattered valence quark can collapse to a B
meson. This effect favours heavy mesons with a light quark in common with the proton.

The second effect, Figure is the so-called beam drag effect. The quark and the
two beam remnants can be in a colour-neutral state, while the antiquark can only be in a
colour-neutral state with one beam remnant as the beam remnants have different colour
charges. Therefore, the heavy quark is “dragged” by two partons to higher rapidities,
whereas only one parton is pulling on the heavy antiquark. The resulting asymmetry at
high rapidity is opposite to the first effect.

The predicted production asymmetries are shown¥] in Figure The production
asymmetry depends on the momentum and the rapidity. It is very small in the central

3As a reminder, B (B) refers to B® and B~ (B® and B™T).
MNote the different sign conventions.
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Figure 2.16: The predicted production asymmetry, Ap(B°) = %7

rapidity for different pr cuts at the LHC. Figure taken from Ref. [30].

as a function of

region but gets larger for higher rapidities. Very close to the beam, the drag effect
becomes stronger and the asymmetry even changes sign. Production asymmetries with
an absolute value of the order O(0.1% — 1 %) are expected within the LHCb acceptance
which corresponds to approximately 2.0 < y < 4.5. It is expected that more mesons
with a b quark are produced than mesons with a b quark in the given rapidity range.
The only measurement at the LHCb experiment is based on a small data set from 2010
and, thus, has a large uncertainty. The measured value is Ap(B") = (—0.3+0.9) % [38].

D meson production asymmetry

The same arguments hold for production asymmetries of D® or D mesons that are
directly produced in pp collisions. However, the size and the dependency on the kinematic
variables are different due to the smaller charm quark mass. The production asymmetry
is equivalently given as

P(D) —P(D)

P(D)+P(D) ’ (2.46)

Ap(D) =
where P(D) and P(D) are the probabilities to produce a D and D meson, respec-
tively, D can be either D° or DT. In this work the production asymmetry of

D™ mesons is of interest later. It has been measured by the LHCb experiment to
be (—0.96 £ 0.26 (stat) = 0.18 (syst)) % at a centre-of-mass energy of 7 TeV [39].

Effective D° production asymmetry in semileptonic B decays

The analysis uses muon-tagged D° decays to measure CP asymmetries. Therefore, the
effective D° production asymmetry in semileptonic B decays is of interest. This slightly
differs from the B production asymmetry due to two reasons.

First, possible CP violation in the decay of charged and neutral B mesons leads to
different amounts of produced D° and D® mesons. Direct CP violation can be neglected,
as semileptonic B decays are Cabibbo-favoured. Also CP violation in BY mixing is

expected to be small. The theoretical prediction of the charge asymmetry, agl, is
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30 2. Theory of particle-antiparticle asymmetries

(—4.1£0.6) x 10~* [40], and the world average of all measurements, as of September
2012, is a% = (—0.03 £0.21) % [23].

Second, the production asymmetry is diluted by neutral meson mixing as an initial
B° meson can decay to a D? meson after is has oscillated to a B? meson. Assuming no
decay-time acceptance and AI' = 0, the oscillation probability, Pos. (also known as xg4),
is given by

F o
Posc = ?d e Fat (1 — cos Amgt) dt (2.47)
0

1 1
-~ (1= 2.4
2( 1”2) , (2.48)

with x = Amg/Ty = 0.770, see Table , Posc is calculated to 0.186. Hence, the
production asymmetry of B® mesons is diluted by a factor D = (1 — 2)Pos. = 0.628.
Assuming no CP violation in Cabibbo-favoured B decays and in B® mixing, the effective
DY production asymmetry in semileptonic B decays is given as

Ap(D° from B) = f(B%) D Ap(B°) + (1 — f(B®)) Ap(BT) , (2.49)

where f(B?) is the fraction of B® mesons in the sample, Ap(B°) and Ap(B*) are
the production asymmetries of B® and BT mesons, respectively. As the B production
asymmetry is expected to be at the per cent level or below, the absolute change of
the B production asymmetry is small. The effect is further reduced as the fraction of
B mesons in the semileptonic B sample is smaller than the B fraction, f(B°) ~ 37.5%,

cf. Chapter 2.2.2]

2.7 Summary

The main messages of this chapter are:

e The flavour-changing currents of the weak interaction induce CP violation and
neutral meson mixing.

e The singly Cabibbo-suppressed D° decay modes, D° - K~K* and D° — 77,
are a good system to challenge the Standard Model due to small expected CP-
violating effects. More experimental results are needed to improve our the theo-
retical understanding.

e The production cross sections of bb and ¢ pairs are high in pp collision at LHC
energies, particularly in the forward region. Direct production and semileptonic
B decays, with a branching fraction of around 10 %, are an abundant source of
D mesons.

e Particles and antiparticles have different interaction rates in the detector material
depending on their momentum.

e The hadronization leads to small differences in the number of produced mesons
and anti-mesons depending on the kinematic region.
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CHAPTER 3

The LHCb experiment

In this chapter the LHCb experiment at the LHC is discussed briefly. The focus is
put on the detector components that are important for this analysis. A comprehensive
description of the LHCb detector is found in Reference .

3.1 CERN and the LHC

The European Council for Nuclear Research or CERNH was founded in 1952 by twelve
European countries to create a laboratory for nuclear research. Today, more than 3,000
employees and more than 10,000 scientists from all over the world collaborate to study
the frontiers of particle physics. CERN and its experiments are located near Geneva.
The first particle accelerator at CERN was built in 1957, the Synchrocyclotron. It
was followed by many accelerators and detectors. Often the size had to increase to
reach higher energies and smaller scales. The largest accelerator, to date, is the Large
Hadron Collider (LHC). It is accommodated in the former LEP tunnel which has a
circumference of 26.7km. The location of the LHC is depicted in Figure The LHC
has been designed to collide two beams of protons at a centre-of-mass energy of 14 TeV.
At a design luminosity of 103* cm™2s~! the protons are packed into 2808 bunches with
1.1 x 10" particles each. The spacing between two bunches is 25 ns in that case. The

LCERN is derived from the acronym for the French “Conseil Européen pour la Recherche Nucléaire”.

Figure 3.1: Location of the LHC and the four main experiments. Figure taken from Ref. .
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Figure 3.2: The integrated luminosity at the LHCb experiment in 2010, 2011 and 2012. Figure
taken from Ref. [32].

proton beams are kept on a circular orbit by superconducting magnets with a peak field
strength of 8.33 T, for a detailed description of the machine see Reference [41].

The LHC has four collision points around the ring where the four big and a few
smaller experiments are located in order to analyse the proton—proton collisions, see
Figure ATLAS and CMS are general purpose detectors which cover the full spectrum
of high-energy physics. The ALICE experiment is specialised in studying the properties
of QCD in heavy ion collisions. The LHCb experiment is dedicated to measure the
properties of ¢- and b-hadron decays.

After some delays the LHC started colliding protons at the end of 2009. In 2010 and
2011 the machine ran at a centre-of-mass energy of /s = 7TeV, in 2012 at /s = 8 TeV.
The number of bunches steadily increased in 2010 and 2011, up to about 1300 colliding
bunches and a bunch spacing of 50 ns. In 2012 the running conditions were more stable
such that the delivered luminosity was about twice the one of 2011. ALICE and LHCb
are operated at an average lower number of collisions per bunch crossing than CMS and
ATLAS. The delivered and recorded luminosity of the LHCb experiment is shown in
Figure [3.2] The analysis presented here uses the full data set taken in 2011 and 2012.

3.2 The LHCDb detector

Two properties of heavy quark productionﬂ have driven the design of the LHCb detector.
As it is shown in Section heavy quark pairs are predominantly produced in the
forward or backward direction. Therefore, a detector with a small solid angle coverage
in the forward region can cover a large fraction of the produced ¢g pairs. Additionally,
the heavy quarks in the forward region have a large boost as they originate from very
asymmetric parton collisions. Thus, their flight distance is on average longer than the
one of centrally produced particles. This has a large impact on the decay time resolution
and makes it easier to distinguish the decay products of long lived particles (secondary
particles) from particles produced in the initial collision.

The LHCD detector, as a forward spectrometer, exploits both features. A schematic

Zand funding agencies
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Figure 3.3: Schematic view of the LHCb detector (y-z plane). The detector components are
described in the text. Figure taken from Ref. .

view is shown in Figure[3:3] The z-axis is aligned with the beam line and the y-axis is in
vertical direction. The subsystems are placed along the beam line and enclose the beam
pipe. Charged particles are bent in the z-z plane by the dipole field of the magnet. The
pp interaction region is surrounded by the Vertex Locator. The geometrical acceptance
of the spectrometer is 10-300 mrad in the bending plane (z-z) and 10-250 mrad in the
non-bending plane (y-z).

The target instantaneous luminosity of the experiment is about 2 x 1032 cm=2s~!
with an integrated luminosity of 2fb™! per year data taking. This corresponds to a
bb and c¢ production rate in the detector acceptance of roughly 15kHz and 300 kHz,
respectivelyﬂ In order to reach the luminosity goal, the LHCb detector is designed for
an average number of inelastic proton—proton collisions of 0.4 per bunch crossing at
LHC design conditions. The lower number of collisions compared to the general purpose
experiments has the advantage that the particle flux in the forward region is reduced.
First, this lowers the radiation damage in the detectors. Second, the occupancy of the
detector parts is reduced which simplifies the event reconstruction as less particles create
detector signals. As the maximum number of bunches in the LHC was 1380 in 2011
and 2012, the average number of interactions per crossing was increased to about 1.5.
The average number of interactions per crossing can be changed by shifting the two
beams towards each other. Therefore, the experiment is able to keep the instantaneous
luminosity constant during a fill although the intensity of a proton beam decreases
over time while particles collide. The LHCb experiment has been able to record a data
sample corresponding to its design luminosity in the second full year of data taking, see
Figure 3.2

3The measured production cross-sections at /s = 7 TeV are given in Chapterm
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Figure 3.4: The main component B, of the magnetic field as function of z. The position of
tracking detectors is indicated with dashed lines. Figure taken from Ref. [2§].

The detector components can be divided into two categories. The tracking system
reconstructs the trajectories of charged particles to determine their origin vertex and
their momentum. It consists of the Vertex Locator (VELO) and the Trigger Trackerﬂ
(TT) in front of and the T stations (T1-T3) behind the magnet. The following detector
components are dedicated to particle identification, the two ring-imagining Cherenkov
detectors before and after the magnet (RICH1 and RICH2); then, follows the calorimetry
system consisting of the Scintillating Pad Detector (SPD), the Pre-Shower detector
(PS), the Electromagnetic (ECAL) and the Hadronic (HCAL) calorimeter; one muon
station (M1) is located in front of the calorimetry system, the other four (M2 to M5)
behind. All detector components except of the VELO and the RICH detectors are
divided into two halves that can be moved away from the beam pipe. The individual
detector components are explained in more detail in the following.

3.3 Tracking system

Precisely reconstructed vertices and a high momentum resolution are vital parts of
the detector’s performance. The tracking system is designed to accomplish both goals
by reconstructing the trajectories of charged particles, so-called tracks. The tracking
system consists of a dipole magnet, the VELO and the TT in front of the magnet and
the T stations behind.

Magnet

The LHCb dipole magnet is located about 5m downstream of the interaction region.
The main component, B, of the magnetic field is pointing in y direction. Charged
particles are predominantly bent in the horizontal plane (z-z). The field strength
B, along the z-axis is shown in Figure The integrated magnetic field, [Bdl, for
particles traversing the whole tracking system is about 4 Tm. All tracking detectors are

4 Also known as Tracker Turicensis as it was not used in the trigger until mid 2012.

34



3.3. Tracking system 35

. ¢-measuring sensor
R-measuring sensor

78 pm outer pitch

38 pm inner pitch 102 um outer pitch / 38 pm inner pitch
512 strips 512 strips, 683 inner strips
39 pm pitch
512 strips 512 strips \
13865 outer strips
total 2048 tolal_2048
strips

strips i
97 pm outer pitch

(a) (b)

Figure 3.5: A sketch of the layout of (a) - and (b) ¢-sensors. Figure taken from Ref. [28].
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Figure 3.6: The placement of VELO modules, top view. Figure taken from Ref. |28].

located outside or in the fringe field of the magnet. The momentum resolution, Ap/p,
for these particles is 0.4 % at 2 GeV/c and 0.6 % at 100 GeV/c.

Due to the detector geometry and the dipole field, particles with a given charge
are bent preferentially to one side of the detector. An important feature to control
detector related systematics, here in particular detection asymmetries, is the possibility
to change the direction of the magnetic field. The magnet polarity is reversed frequently
during data taking as shown later in Figure [12:3]

Vertex Locator

The Vertex Locator (VELO) measures the track coordinates close to the interaction
region. Its main task is to reconstruct the position of a primary pp interaction, the
so-called primary vertex (PV), and the determination of displaced vertices of b- and
c-hadron decays. The VELO consists of 21 modules with two different types of silicon
microstrip sensors, mounted back to back. One type measures the radial coordinate, r,
with circular-shaped strips. The other type has strips in approximately radial direction
to determine the azimuthal angldﬂ ¢. The strip pitch varies from 38 to 102 um with a
finer granularity close to the beam. The layout of both types is shown in Figure [3.5

5The azimuthal angle, ¢, is defined as the angle between the z-axis and a direction vector in the z-y
plane. The coordinate system is right-handed and the y-axis is pointing vertically and the z-axis along
the beamline into the direction of the muon stations.
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Figure 3.7: Schematic view of the Trigger Tracker. The readout electronics is indicated in blue.
The other colours correspond to different readout sectors. Figure taken from Ref. .

The half-disc shaped modules are positioned around the z-axis at a minimum distance
of 8mm to the beam line, see Figure [3.6] Both sides are staggered such that there is
a small overlap of the sensors to avoid holes in the acceptance. Inside the VELO the
beam pipe has been removed, between the beam line and the sensors is the so-called
RF foil which separates the beam and the VELO vacuum. The RF foil is made out of
an aluminium alloy to shield the sensors from beam induced electromagnetic effects. It
accounts for about 40 % of the VELO material budget and, thus, significantly degrades
the resolution due to multiple scattering. While new proton beams are setup in the
LHC, both halves are moved out into a safe position. As soon as protons are colliding,
the VELO closes fully automated.

Trigger Tracker

The Trigger Tracker (TT) is located behind RICH1 in front of the dipole magnet. The
detector technology is based on silicon strips with a pitch of 183 um which results in a
single hit resolution of about 50 pum. The detector layout is shown in Figure The
TT has four layers in a 2x 2 configuration where the first pair is 27 cm apart from the
second pair. Each layer is covering the full acceptance of the LHCb detector. The last
two layers have a height of 157.2cm and a width of 132.4cm. The layers consist of
several readout zones with a finer granularity close to the beam where the particle flux
is higher. The silicon strips have a length of up to 38 cm. The first and the fourth layer
have vertical aligned strips, whereas the strips of the second and the third layer are
tilted by (—5°) and (45°), respectively ((x,u, v, z)-configuration). This configuration
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Figure 3.8: The geometrical layout of (a) x layers and (b) stereo layers of the Inner Tracker.
The circle in the middle is the beam pipe. Figure taken from Ref. [28].

allows to reconstruct track parameters with a high resolution in the bending plane (z-z)
but also adds information in y direction to reduce combinatorics. Layers with a tilted
geometry are referred to as stereo layers. In total, the TT has an active area of 8.4 m?
with 143, 360 readout channels.

The TT allows the reconstruction of particles which are bent out of the spectrometer
because their momentum is smaller than about 2 GeV/c and it can detect particles which
left no signal in the VELO. Its measurements improve the momentum resolution of tracks
reconstructed in the VELO and the T stations. Furthermore, the information from the
TT can be used to reject fake tracks from random combinations of measurements. Since
mid 2012 the TT has been used to verify the authenticity of VELO tracks in the trigger.

T stations — Inner and Outer Tracker

The largest tracking system of the LHCb detector consists of the so-called T Stations
that are located behind the dipole magnet to provide a precise momentum measurement.
The twelve detector layers are grouped into three stations of four layers in a (z,u, v, z)-
configuration, where each layer covers an active area of 6 x5m?. The higher particle
flux in the forward region requires two different technologies, one technology with a fine
granularity in the region with the largest particle flux and a technology covering a large
area at reasonable costs and material budget. The part of the T stations close to the
beam line consists of a silicon strip detector, the Inner Tracker (IT), and the outer part
of a straw-tube detector, the Outer Tracker (OT).

Each IT station is built out of four boxes which are arranged in a cross-shape around
the beam pipe, see Figure 3.8 with a maximum width of 126 cm and a maximum height
of 41.4cm. Each box contains four detection layers, (z,u, v, x)-configuration, built out
of seven modules. The IT uses a similar silicon strip technology as the TT with a single
hit resolution of 50 um. The active area is about 4.0 m?. The length of each silicon strip
is 11 cm. In the modules left and right of the beam pipe two strips are combined to one
readout channel. The IT has in total 129, 024 readout strips. The detector occupancy
closest to the beam is around 2.5 % and drops to about 0.5 % in the outer regions of
the IT.

The largest part of the T stations is covered by the OT, a gas detector. The outer
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Figure 3.9: The (a) top and (b) front view of an OT module. (b) The orange part is the IT.
Figure taken from Ref. .

dimensions of each of the twelve detection layers are 595 x 480 cm?, see Figure
Each layer consists of several individual straw-tube modules where a single module
is built out of two staggered layers of drift-tubes. Each drift-tube has a diameter of
4.9 mm, see Figure a length of 2.4 m and is filled with a gas mixture of Ar/CO3/04
(70/28.5/1.5%). The drift time is below 50ns which is important as the design bunch
spacing of the LHC is 25ns. The twelve layers are placed correspondingly to the IT
in three stations of four layers in an (x,u, v, x)-configuration. In total the detector
has roughly 53,760 straw-tube channels. The occupancy of the detector does not
exceed 10 %. The single hit efficiency is 99.8 % near the centre of a straw and the single
hit resolution is about 210 um.

Material budget

The material thickness in front of the last tracking station determines the momentum
resolution due to multiple scattering and the reconstruction efficiency of charged particles
due to absorption. The contribution of each detector to the material thickness in terms
of the total radiation length and the total nuclear interaction length is given in Table
The different types of material interactions of particles are explained in Chapter [2.5.1

3.4 Particle identification system

Pions are the most abundant particles produced in pp collisions at the LHC. Many
interesting decays of ¢ and b hadrons contain a number of kaons, pions, protons and
leptons. Therefore, the task of the particle identification system is to identify which
type of particles passed through the detector to suppress combinatorial background.
For example, in this analysis the Cabibbo-favoured D° — K~7 decay mode has a
very similar decay topology to the Cabibbo-suppressed D° — K~ K1 decay mode. It
is difficult to discriminate the two decay modes without information from the particle
identification systems. Another important role of the particle identification systems is
to identify muons to distinguish between hadronic decays and decays with one or more
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Table 3.1: The material thickness, d, in terms of radiation lengths Xy and nuclear interaction
lengths A for the different detectors. Table taken from Ref. [42].

Detector d/Xo (%] d/Ar %]
VELO 15.8 3.8
RICH1 7.6 3.1
TT 3.5 1.1
Air in magnet 1.6 0.7
IT/OT 13.2 3.3
Total before RICH2 41.7 12.0
RICH2 12.4 4
SPD/PS 200 10
ECAL 2500 110
HCAL — 560
Muon stations - 2000

muons in the final state. The particle identification consists of three systems the RICH
detectors, the calorimetry system and the muon stations.

RICH1 and RICH2

Ring-Imaging Cherenkov (RICH) detectors utilise the Cherenkov effect to discriminate
between pions, kaons and protons. If a charged particle traverses a dielectric medium with
a velocity that is larger than the phase velocity of light in that medium, electromagnetic
radiation occurs. The medium is called radiator. So-called Cherenkov photons are
emitted in a light cone around the flight direction of the charged particle. The opening

cosbp = L = Lypietmid (3.1)
nB n pe

where p is the particle’s momentum, m its rest mass and n the refractive index of
the radiator. A RICH detector measures the Cherenkov angle 6 by detecting the
Cherenkov photons. The momentum measurement is provided by the tracking system.
The opening angle 0¢ is given as a function of the particle’s momentum for different
media in Figure It shows that the choice of the radiator depends on the momentum
spectrum of the particles.

The LHCDb detector features two Ring-Imaging Cherenkov detectors with different
radiators to cover the momentum range from 2 to 100 GeV/c. RICH1 is located directly
behind the VELO exit window and RICH2 is situated behind T3. The layout of both
detectors is very similar, see Figure Cherenkov photons are produced in the
radiators. They are focused by a mirror system into ring images on the photon detector
planes which are located outside of the LHCb acceptance. Photons are detected by
so-called hybrid photon detectors (HPD). Each HPD has a silicon detector with 1024
pixels to detect the photo-electrons.

RICH1 covers the full angular acceptance of the LHCb tracking system of 25 —
300mrad. It contains two radiators to provide kaon, pion and proton separation in a
momentum range of 2—40 GeV/c: aerogel with a refractive index of n = 1.03 for particles

angle, ¢, is given by
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Figure 3.10: Cherenkov angle versus particle momentum for the RICH radiators. Figure taken
from Ref. [28].

with a momentum below 9.3 GeV/c and the fluorocarbon gas C4F1g for a momentum up
to 40 GeV/c. As RICH1 is placed in front of the TT and the T stations it contributes
0.076 X to the total absorption length of 0.417X in front of RICH2, see Table

RICH?2 uses the fluorocarbon gas CF4 as radiator and provides particle discrimination
from 15 to 100 GeV/c. Its angular acceptance is limited to 15 — 120 mrad as high-
momentum particles are preferentially produced in the forward region.

Calorimeters — SPD, PS, ECAL and HCAL

The calorimetry system of the LHCb detector consists of four detector components, the
Scintillting Pad Detector (SPD), the Pre-Shower detector (PS), the Electromagnetic
(ECAL) and the Hadronic (HCAL) calorimeter. All four detectors are built of alternating
plates of absorbing material, lead or iron, and scintillating plates, see Figure [3.12a]
When a particle deposits parts of its energy or is stopped in the absorber material,
energy is released in the form of charged particles and photons. The released energy
is converted to photons in the scintillating material. The photons can be detected
by photomultipliers. The number of detected photons is proportional to the original
particle’s energy. The basic layout of SPD, PS, ECAL and HCAL is similar. They are
segmented in the plane perpendicular to the beam axis into square cells. The layout
of the HCAL is shown in Figure The large particle density close to the beam
pipe demands a finer segmentation there, while a coarser segmentation is used in the
outer part. The HCAL has two different cell sizes, the other three detectors have three
different cell sizes.

The number of hits in the SPD is a measure of the particle multiplicity in an event.
It can be used to veto or accept events with low or high particle multiplicities. The
PS and the ECAL measure the energy of photons and electrons. The HCAL measures
the energy of hadronic showers. ECAL and HCAL together provide a discrimination
of electromagnetic and hadronic showers and are important to identify electrons and
photons.

The main application of the calorimetry system in the context of this analysis is
the energy measurement of hadrons. As this can be done quickly in contrast to the
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sketched in (a). The shown z-axes correspond to the LHCDb coordinate system. Figure taken
from Ref. [28].

more complicated momentum measurement by the tracking system, it is used in the
first stage of the trigger system. This is discussed in detail in Chapter

Muon stations

The identification of muons is an essential requirement to select semileptonic B decays.
As muons are long-lived and minimum ionising particles, the muon stations are the last
detector along the beam line.

The muon detector consists of five stations, M1-Mb5, which are placed along the
beam axis, see Figure Four stations are located behind the calorimeters with
80 cm thick iron absorbers between them. A muon has to have initially more than
6 GeV/c to reach the last muon station since the total absorber thickness in front is
approximately 20 nuclear interaction length. The first station, M1, is placed before
the calorimeters. It is only used in the first trigger stage to provide an additional
measurement of a muon track improving the transverse momentum resolution. The use
of the muon detector in the trigger system is discussed in detail in Chapter

Each muon station, except M1, has 276 multi-wire proportional chambers (MWPC)
which cover a total area of 435 m?. The inner region of M1 is equipped with 12 Gas
Electron Multipliers (GEM) detectors as this type of detector has a larger radiation
tolerance. Adjacent chambers are staggered to avoid gaps in the detector acceptance.
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Figure 3.12: (a) Schematic view of an HCAL cell. (b) Lateral segmentation of the HCAL. One
quarter of the detector front face is shown. Figures taken from Ref. .

Each station is divided into four regions with increasing chamber size when going away
from the beam line. Each chamber is divided into rectangular so-called logical pads that
define a point in the plane perpendicular to the beam axis. Henceforth, each station
provides space point measurements which can be used in the muon track reconstruction.
As charged particles are bent in the horizontal plane, the segmentation is finer in the
horizontal direction. The size of each station and its chambers increases from one to
the next station, see Figure The transverse dimensions scale with the distance
from the interaction point. This so-called projective geometry has the advantage that a
muon with an almost straight trajectory (high momentum) from the interaction region
is passing through the logical pad with the same logical number in each station. This
allows to implement a fast track finding algorithm with logical units.

3.5 Trigger system

The information from various detectors is combined in the trigger system to select events
with ¢ and b hadrons. The trigger strategy is depicted in Figure The first stage
of the trigger system, L0, is implemented in hardware. The decision is mainly based
on information from the muon and the calorimetry system. The hardware trigger is
discussed in Chapter If an event is selected, the detectors are fully read out at
a rate of about 1 MHz. The second stage, the so-called High Level Trigger (HLT), is
implemented fully in software. It runs on a large computer farm and performs an almost
full event reconstruction. The selection of events is explained in detail in Chapter [6.2
when the selection of semileptonic B decays and D mesons is discussed. The software
trigger writes events at a rate of about 5kHz to a storage system and, thus, these events
are available for physics analyses.
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Figure 3.13: (a) Side view of the muon stations. The geometry of the five stations is projective
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CHAPTER 4

Event reconstruction

The electronic signals of the various detector components have to be combined to
reconstruct the particles that originated from the primary collision and subsequent
decays. Here, this process is summarised under the term event reconstruction.

First, it is discussed how basic objects from the calorimetry system and the muon
stations are used in the hardware trigger to decide if the event potentially contains a
c or b hadron. Second, the measurements in the tracking system can be combined to
reconstruct the trajectories of particles, once the detector has been readout. Therefore,
the basic principles of the track reconstruction at the LHCb experiment are explained.
Third, it is detailed how reconstructed tracks are linked to information from the particle
identification systems to determine the particle species.

At each step it is pointed out that the reconstruction and detection efficiencies can
be different for positively- and negatively-charged particles. This leads to spurious
detection asymmetries that affect the CP asymmetry measurements discussed later in
Chapter | The selection of c- and b-hadron decays used in this analysis is discussed in
Chapter [6]

4.1 First level trigger

The hardware trigger, L0, selects inelastic pp interaction at a rate of 1.1 MHz at which
all detector components can be read out. Two independent systems are used to select
heavy quark events, the LO-calorimeter trigger and the LO-muon trigger.

4.1.1 LO-calorimeter trigger

The energy deposit in SPD, PS, ECAL and HCAL is used in the LO-calorimeter system
to trigger events. All detector components are segmented transverse to the beam axis
into cells of different size. The decision to trigger an event is based on the transverse
energy deposit in a cluster of 2 x 2 cells. The transverse energy of a cluster is defined as

4
ET = ZE,L sin Hl 5 (41)

i=1

where FE; is the energy deposited in cell ¢ and 6; the angle between the z-axis and a
line from the cell centre to the average pp interaction point. The LO-calorimeter trigger
distinguishes between hadron, photon and electron candidates based on the calorimetry
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Figure 4.1: The track finding of the muon trigger. The hits (red dots) in the logical-pads are
from a negative muon. The field of interest around the line projecting from M3 to the interaction
region is depicted. The size of the field of interest is given by the requirement pt 2 0.5 GeV/c.
The dashed lines indicate the single pr-kick to estimate the transverse momentum of the muon
candidate.

Systemsﬂ Hadron candidates are triggered if the transverse energy FErt is larger than
3.5 GeV.

The trigger efficiency of hadronic ¢ and b decays depends on the transverse mo-
mentum, pr, of the ¢ or b hadron. It ranges from 10% at pr ~ 5GeV/c to 90 % at
pr =~ 15GeV/c, for more details see Reference [43].

4.1.2 LO-muon trigger

The LO-muon trigger searches for straight line tracks in the five muon stations. Each
muon station is sub-divided into logical pads in the z-y plane. The pad size scales with
the distance to the interaction region. The track finding algorithm is implemented in
four dedicated LO-muon processors. Each processor is only connected to one of the
four quadrantﬂ around the beam pipe. Thus, muons crossing two quadrants cannot be
reconstructed in the LO trigger.

The track finding algorithm is depicted in Figure Starting with a hit in M3, the
LO-muon processors search for an alignment of hits in stations M2 to M5 inside a field
of interest around a line projecting to the interaction region. If this alignment is found,
the hits in M2 and M3 are used to predict the position of a hit in M1. The nearest hit
in M1, in a suitable field of interest, and the hit in M2 are used to determine the slope
of the trajectory behind the magnetic field. The track direction indicated by the hits
in M1 and M2 is used to estimate the transverse momentum pr of a muon candidate,
assuming a particle from the interaction point and a single kick from the magnetic field.
The transverse momentum resolution of the LO-muon trigger is about 25 %.

Each of the four LO-muon processors identifies the two muon candidates

!The different trigger decisions are called LOHadron, LOPhoton and LOElectron.
2The four quadrants are (z > 0,y > 0), (z > 0,y < 0), (z < 0,y > 0) and (z < 0,y < 0).
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Figure 4.2: The effect of a relative misalignment of M1 and M2 on the momentum measurement.
The solid line is the real trajectory of a particle. The dashed line is the measured trajectory if
M1 is misaligned relative to M2. The transverse momentum is estimated from a single kick by
the magnetic field.

with the largest pr. The trigger decision is based on these maximally eight
candidates, either the largest pr'®®*' is above a certain threshold (LOMuon)
or the multiplication of the largest and second largest transverse momentum,
priareest  pp2ndlargest g Jarger than a certain value (LODiMuon). Most of the avail-
able data from 2011 have been selected with the requirements pp'®8t > 1.48 GeV/c
and +/prlarsest x pp2ndlargest > 1296 GeV/c. In 2012 the thresholds were increased to
pr'¥Eest > 1.76 GeV/e and \/prlareest x pp2ndlargest > 1.6 GeV/e.

The LOMuon efﬁciencyﬂ of B — JAX decays where the J/i) meson decays
into two muons is around 70% for pr(J/) ~ 1GeV/c and more than 95% at
pr(JRp) 2 4GeV/e |43]. The trigger efficiency of semileptonic B decays with one
muon in the final state is around 60 %, for more details see Reference [44].

4.1.3 LOMuon asymmetry

In order to understand one source of detection asymmetries, some technical details
of the LOMuon trigger are necessary. The LOMuon trigger selects an event if pp!28est ig
larger than a defined threshold. The transverse momentum estimate is obtained from
lookup tables in the LO-muon processors which use the coordinates of the hits in M1
and M2.

If the coordinates in the lookup table and the real coordinates differ, the momentum
is wrongly determined. The effect of wrong coordinates on the transverse momentum
measurement is depicted in Figure A relative misalignment between M1 and M2
leads to an under- or overestimation of the transverse momentum depending on the
muon charge. The effect is reversed when changing the field polarity. A misalignment of
the muon stations is one source of these differences. Another source is a simply wrong
lookup table. In the 2011 data taking both issues were present. The lookup table did

31f not stated otherwise, trigger efficiencies are quoted relative to off-line selected events. The off-line
reconstruction of relevant decay modes is discussed in Chapter @
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Figure 4.3: The relative error of the LO-muon trigger transverse momentum as a function of
the reconstructed momentum (a) before and (b) after calibration in 2011 data.

not use the real centre of each padﬁ as coordinates but used coordinates corresponding
to the average position of two staggeredlﬂ chambers in the muon stations. Furthermore,
no proper alignment has been performed during the data taking in 2011.

The result can be seen in Figure where the momentum of the LO-decision
unit is compared with the momentum obtained from the tracking system. Depending
on the charge and the magnet polarity, different biases are present. Thus, a cut on
pr'reest introduces different efficiencies for positive and negative muons at low transverse
momenta. The measured asymmetry of B— D%y~ X decays where the DY decays into
a K~ m" pair is shown in Figure It will be discussed later in Chapter how
asymmetries are determined. Only the change as function of pr is of interest here,
the offset is induced by the kaon detection asymmetry. The measurement of the kaon
detection asymmetry is an integral part of the analysis, which is discussed later in
Chapter 5l Variations of up to 5% of the raw asymmetry are observed over the total
pr range. However, the effect exactly flips when changing the polarity of the magnetic
field. This shows that it is very important that the dipole field can be reversed. First,
detection asymmetries like this can be identified. Second, they cancel in the arithmetic
mean of the asymmetry in the magnet up and the asymmetry in the magnet down
sample.

If the source of a particular detection asymmetry is known and if it is large compared
to other asymmetries, it is preferable to correct this detection asymmetry. Therefore,
the LOMuon pr of recorded events is emulated with a corrected lookup table. The
result of the pr calibration is shown in Figure [4.3b, However, events which are not
triggered during data taking cannot be recovered. Hence, the cut on the calibrated
LOMuon pr is tightened to 1.64 GeV/c (from 1.48 GeV/c) to compensate the inefficiencies
which resulted from a wrong momentum calculation in the LO-muon trigger. After the
calibration the bias is the same for each charge and magnet polarity. The measured raw

4The problem was also visible in simulation. The use of correct coordinates solved the problem.
®The staggered chambers are shown in Figure
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Figure 4.4: The measured raw asymmetry as a function of reconstructed muon pr in the
DY — K~n" channel (a) before and (b) after calibration in 2011 data. The offset from zero is
induced by the kaon interaction asymmetry.

asymmetry after calibration and with a raised threshold is shown in Figure [4.4b] no
up—down difference is seen.

As this problem had been known before the restart of the data taking in 2012, the
first data of 2012 were used to align the muon stations after they had been moved in
the shutdown between 2011 and 2012. The effect is highly reduced as can be seen in
Figure and no further calibration is needed for this data taking period.
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Figure 4.5: The measured raw asymmetry as a function of reconstructed muon pr in the
D?— K~r7" channel in 2012 data. The y-scale is changed relative to Figure The data used
for the alignment of the muon stations are excluded.
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4.2 The LHCDb software framework

Several software packages are used to reconstruct and select the events which are
triggered by the hardware stage and written subsequently to a mass storage system.
The LHCD software is based on the GAUDI framework [45]. The following applications
are used to reconstruct events out of the detector response:

e Brunel: The so-called off-line reconstruction of a stored event is performed by
the BRUNEL software package [46]. It implements the algorithms to reconstruct
the trajectories of charged particles and neutral particles from the measurements
of the tracking and calorimetry system. The reconstructed tracks are combined
with measurements from the particle identification system to form basic objects
(particle candidates). These particle candidates are then available for further
analysis. The off-line reconstruction needs a lot of processing time. Therefore, the
execution of the event reconstruction software is performed centrally by the LHCb
computing team.

e DaVinci: The DAVINCI project [47] is designed to reconstruct and select the
decays of interest based on the output of the BRUNEL off-line reconstruction. It
provides a framework to apply selection requirements to particle candidates and to
fit common vertices in order to reconstruct the decay vertices of ¢ and b hadrons.
As this is a computing intensive task, it is run centrally to reduce the number of
events the analyst has to deal with. Further selections can then be applied to
decrease contributions from background events. In many cases this first central
selection has already produced samples with very low background.

e Moore: The software trigger stage is implemented in the MOORE project [48]. It
has to be fast but should not differ too much from the off-line reconstruction to
minimise reconstruction artefacts. Thus, it shares most of the reconstruction and
selection algorithms with the BRUNEL and DAVINCI projects. However, it uses in
many cases speed optimised tunings.

Some aspects of an analysis are studied with simulated events. The reconstruction of the
simulated events is performed by the aforementioned trigger and reconstruction software
packages. The simulation of the pp collision, particle decays and detector response is
performed by the following software packages:

e Gauss: Simulated events are generated by the GAUSS software package [49]. The
pp collision, including soft and hard processes, is simulated by the event generator
PyTHIA [36] based on the Lund string model discussed in Chapter Version
6 and 8 of PYTHIA are available in the GAUSS software project. The decays of ¢
and b hadrons are simulated with the EVTGEN package [50] taking mixing and
interference effects into account. The electromagnetic and hadronic interactions
of particles with the detector material are described by the GEANT4 package [51].

e Boole: The detector response to the simulated interactions is generated by the
BoOOLE software package [52]. The output of BOOLE can be processed with
BRUNEL and MOORE to get simulated events with the same trigger and off-line
reconstruction as in data.

50



4.3. Track reconstruction 51
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Figure 4.6: Sketch of the different types of tracks. Figure taken from Ref. [53].

4.3 Track reconstruction

The track reconstruction is performed in three different stages. First, the pattern
recognition tries to identify measurements in the tracking detectors which one charged
particle initiates. All tracking detectors are either located outside of the magnetic
field (VELO) or inside the fringe field (TT and T -stations). Thus, the trajectories of
charged particles are to a good approximation straight lines in the tracking systems of
the LHCb detector. This and that they originate from the primary interaction region is
exploited by the pattern recognition algorithms. The momentum of a charged particle
is determined by measuring the slopes of its trajectory before and after the magnet.
The reconstructed tracks can be categorised into five distinct types, see Figure |4.6

Long tracks are associated to particles which traverse the whole tracking system.
They contain measurements from the VELO, the T stations and optionally from
the TT. They have the best possible momentum and impact parametelﬁ resolution
and are the basis of most reconstructed decays. The momentum resolution varies
from 0.4 % at 2 GeV/c to 0.6 % at 100 GeV/c. The impact parameter resolution is
about 20 um for particles with pp > 2 GeV/c.

Downstream tracks are built out of measurements from the TT and the T stations.
Their momentum resolution is comparable to long tracks for low momentum
particles but gets worse for high momentum particles. The impact parameter
resolution is significantly worse as the trajectory has to be propagated through
a part of the magnetic field. They are important to reconstruct the decays of
K? mesons and A baryons as these often decay outside of the VELO due to their
relatively long lifetime.

Upstream tracks contain measurements from the VELO and the T'T and belong to
charged particles that are bent out of the detector due to their relatively small

5The impact parameter is defined as the distance of closest approach between a particle trajectory
and the primary vertex. In the case of multiple primary vertices, usually the nearest is taken.
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52 4. Event reconstruction

momentum (p < 2GeV/c). As the integrated field strength in front of the TT is
small, their momentum resolution is about 15 %.

VELO tracks are built exclusively of measurements in the VELO. VELO tracks serve
as input to long and upstream tracks. Tracks which are not extended with
measurements in the TT or the T stations are still useful for the primary vertex
reconstruction.

T tracks are reconstructed in the T stations only. They are used as input to the
pattern recognition of long and downstream tracks.

There are two almost redundant pattern recognition algorithms to reconstruct long
tracks. The so-called forward tracking |54] starts with VELO tracks and tries to extend
them with measurements in the T stations. The search window in the T stations is
defined by a minimum momentum requirement. The larger the momentum threshold
the smaller is the search window. The possibility to change the search window size is
important as it reduces the processing time of an event. However, the reconstruction
efficiency of low momentum particles is highly reduced. The so-called track matching
uses VELO and T tracks and combines them to long tracks. Its efficiency is lower as
the selection of standalone T tracks is more difficult as no information from the VELO
is used. The pattern recognition efficiency of long tracks has been determined with a
data-driven method to be above 95 % [55]. The pattern recognition efficiency is defined
relative to charged particles which traversed the whole tracking system. Inefficiencies
due to absorption by material interactions are not included.

In a subsequent step the trajectory of a particle is reconstructed from the collected
measurements. A Kalman filter [56}/57] is used to fit the tracks. A Kalman filter
is based on minimising the y? of the measurements on the tracks. It takes multiple
scattering and energy loss into account. The track fit provides an estimate of all track
parameters at any point along the trajectory. The exact procedure is described in detail
in References [42,58]. An important output of the track fit, besides the track parameters,
is a measure of the quality of the fit, the x? per degrees of freedom or Xthack /ndf. It
can be used to discriminate tracks which are associated to one charged particle from
tracks which contain measurements from several particles or detector noise. The latter
type are called ghost tracks in the following.

The last step of the track reconstruction identifies tracks that are associated to the
same particles, so-called clones. Clones originate either from redundant algorithms
— e.g. a particle can be reconstructed as a long and a downstream track, then the
measurements of the latter are a subset of the former — or one pattern recognition
algorithms finds two similar sets of measurements. Tracks with more measurements are
favoured if their x2, , /ndf is smaller than some fixed valueﬂ

Reconstructed tracks which have measurements in the VELO are used to reconstruct
the collision point (primary vertex). A primary vertex is accepted when at least five
tracks form a common vertex which is close to the beam line. The spatial resolution
increases with the number of tracks which are fitted to a common vertex. The average
number of tracks used in the primary vertex reconstruction is about 30 for events
containing a b- or c-hadron decay. For primary vertices reconstructed with more than

"In the reconstruction, Reco 14, used for this work the requirement is x2., .. /ndf < 3.
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25 tracks the spatial resolution is found to be 13 um in y and z direction and 71 pm in
z direction [59].

The impact parameter resolution of a track which is not contained in the primary
vertex is 20 um in x and y direction for particles with large transverse momentum. It
degrades for low momenta as multiple scattering increases. The decay time resolution
of multi-body B decays is typically around 45 fs [60].

4.3.1 Detection asymmetries of charged particles

Charged particles have to traverse the whole tracking system and leave enough hits in
the tracking detectors such that the pattern recognition algorithms and the track fit
can reconstruct their trajectories. Hence, there are two sources of relative inefficiencies
between positive and negative particles.

First, particles can be absorbed by the detector material before they left enough
hits in the VELO and the T stations. The dominating material interactions of various
particle species are discussed in Chapter Importantly for this analysis, the different
material interaction rates of positive and negative kaons introduce a detection asymmetry
in their reconstruction. This effect is expected to be negligible for pions and muons in
the relevant momentum range.

Second, a different reconstruction efficiency can be introduced by asymmetries of
the LHCD tracking system. The LHCb dipole magnet bends particles with a given
charge preferentially to one side of the detector. Thus, some non-functioning modules
or misalignments of the tracking detectors introduce different reconstruction efficiencies
of positively- and negatively-charged particles. These asymmetries change sign when
reversing the magnet polarity in contrast to the asymmetries induced by different
material interaction rates of positively- and negatively-charged particles.

The reconstruction efficiency depends on several parameters. It depends on the
momentum p, the rapidity n and the azimuthal angle ¢ around the beam line of a given
particle. Hence, detection asymmetries are a function of the these quantities. According
to Equation a detection asymmetry is defined as

5(h_717> _5(h+’ﬁ)
e(h=,p)+e(ht,p) ’

where €(hi, p) is the reconstruction efficiency of a particle h* with momentum vector p.
As explained, the efficiency can include effects from the track reconstruction and material
interactions, for this analysis only the combination of both is relevant. It depends on
the particle species which part is dominating. If the asymmetry is written with a capital
A, an integration over the momentum spectrum is implied.

The detection asymmetry of charged pion candidates, including material interactions
and track reconstruction effects, has been measured in an independent study with a tag-
and-probe method in data [61]. It is measured consistent with zero when arithmetically
averaging the efficiencies obtained from a sample with magnet up and magnet down
data. The uncertainty of the measurement is 0.18 %.

ap(h™,p) = (4.2)
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(a) RICH1 (b) RICH2

Figure 4.7: An example of a typical LHCb event as seen by the RICH detectors. Each black
point corresponds to a measurement in an HPD. Due to the high occupancy, several Cherenkov

cones overlap and, thus, individual light cones are difficult to distinguish. Figure taken from
Ref. [63].

4.4 RICH particle identification

Cherenkov light is emitted in a light cone around the flight direction of a charged particle
if the particle’s velocity is above the Cherenkov threshold. The light cone is visible
as a ring in the photon detectors of RICH1 and RICH2. As many charged particles
are created in the LHCDb acceptance in pp collisions at the LHC [62], it is likely that
light cones overlap. The detected Cherenkov photons of an example event are shown in
Figure [4.7]

The RICH reconstruction considers simultaneously all reconstructed tracks and all
signals in RICH1 and RICH2 in one event. The reconstruction algorithm computes
an overall event log-likelihood, In L, as explained in the following. First, each track is
projected into the photon detection plane. Second, photon measurements are associated
to a track according to the measured momentum and a mass hypothesis. Since most
particles are pions, the algorithm starts with the pion hypothesis for each track. Then,
for each track the mass hypothesis is changed to e, y, m, K and proton while all other
hypotheses are unchanged. The change in mass hypothesis that gives the largest increase
of the event log-likelihood is fixed. This procedure is repeated until all tracks have the
optimal mass hypothesis and the event log-likelihood is maximised.

The final result for each track is the difference of the overall event log-likelihood
when changing from the pion hypothesis to the e, u, K or proton hypothesis. For
example, kaons and pions are discriminated by the variable DLLg,; = InLg — In L.
The larger the value the more likely it is that the reconstructed track belongs to a kaon
instead of a pion. Pions can be selected when requiring a small or negative value.

The efficiency and misidentification rate has been measured with a tag-and-probe
method in data [63]. The result is shown in Figure For particles with a momentum
below 40 GeV/c the kaon identification efficiency is larger than 90 % while retaining
a misidentification probability of less than a few per cent. For larger momenta the
efficiency decreases, whereas the misidentification probability increases. The selections
presented in Chapter employ a DLL g, requirement of larger than 7 to select kaon
candidates. In Figure it is shown that the kaon identification efficiency decreases
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samples. Figure taken from Ref. [63].

Figure 4.9: Pion misidentification frac-

with the number of charged particles for a given pion misidentification probability as it
becomes more complicated to discriminate the individual light cones.

Similarly to detection asymmetries which are induced by the track reconstruction,
the particle identification can induce detection asymmetries as well. The particle
identification asymmetry is defined as

¢ (DLLgr > z) — " (DLLk, > )

A DLLg, >
pip(DLLkr > @) ¢ (DLLkx > x) + € (DLLgr > )

(4.3)

where ¢*(DLLg, > z) are the particle identification efficiencies with a selection value
of z. In Figure Apip is shown as a function of the momentum for kaon and pion
candidates. The asymmetry is determined with the same tag-and-probe method as used
for the kaon and pion identification efficiencies. It is split up into the data taking periods
of 2011 and 2012 and samples with different magnet polarities. The measured asymmetry
of the 2011 and 2012 data sample show the same behaviour. The asymmetries for pion
and kaon candidates are of opposite sign. The asymmetries obtained in a data sample
with magnet up and magnet down are averaged arithmeticallyﬂ Only for very high
momenta a residual asymmetry can be seen after the arithmetic averaging.

4.5 Off-line muon identification

The muon identification starts with reconstructed tracks from the tracking algorithms.
Measurements in M2 to M5 are searched for in a momentum-dependent field of interest
around the track extrapolation. As muons with a momentum smaller than 6 GeV/c are
likely absorbed before they reach the last station, the number of required measurements
depends on the momentum assigned to the track. The requirements are given in
Table If the given requirements are fulfilled, the binary flag, ISMUON, is assigned to
the muon candidate.

8In Chapter it is described how different data sets are combined.
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Figure 4.10: The asymmetry of the particle identification is shown for (a) kaon candidates
with a requirement of DLLg, > 7 and (b) pion candidates with a requirement of DLLg, < 0
for each magnet polarity and each year of data taking. The plotted combined asymmetry of
the magnet up and the magnet down samples are their arithmetic mean, see Chapter for a
description how different data sets are combined.

The muon identification efficiency and the misidentification probabilities are given
in Table Generally the efficiency is larger than 97 % for muons with a transverse
momentum larger than 1 GeV/c. The misidentification probabilities of below 2 % are
mainly due to decays in flight.

The muon identification algorithm provides a second discriminating variable which
is based on the distance of the measurements in the muon stations and the track
extrapolation. The sum of the squared distances should be small for a muon which
traverses the muon stations, while it is large for random combinations of measurements.
Similarly to the RICH identification algorithms, a likelihood for the muon hypothesis
is calculated. This likelihood can be combined with the information from the RICH
detectors and the calorimetry system to form a combined log-likelihood to discriminate

p range [GeV/c ] ‘ Muon stations
3<p<b M2 and M3

6 <p<10 M2 and M3 and (M4 or M5)
p>10 M2 and M3 and M4 and M5

Table 4.1: Muon stations required to trigger the ISMUON decision as a function of momentum
range. Table taken from Ref. [64].
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pr range [GeV/c | Muon Proton Pion Kaon

0.8 <pr <17 96.94 +0.07 0.737 £0.003 2.194+0.01 1.93+0.1
1.7<pr <3.0 98.53 +£0.05 0.149£0.004 0.61+0.01 0.93+0.01
3.0 <pr <5.0 98.51 +£0.06 0.12£0.02 0.404+0.01 0.72+0.01
pT > 5.0 98.51 £ 0.07 0.33£0.02 0.69=+0.01

Table 4.2: Average ISMUON efficiency (second column) and misidentification probabilities (third
to fifth column) in different transverse momentum intervals (in per cent). Uncertainties are
statistical.

muons from other particle species. This is especially helpful to reject muon candidates
where a pion or kaon decays into a muon and neutrino before M2. In the case of
muon-—pion discrimination the variable is called DLL,,. The misidentification of muons
as kaons or pions is further reduced when using this quantity in the selection of muon
candidates. At a loss of in average 5% real muons the misidentification rates of kaons
and pions reduce in average to 0.65 % and 0.38 %, respectively, for muon candidates
with a momentum larger than 3 GeV/c.

The off-line muon identification can introduce a detection asymmetry similar to
the RICH particle identification or the LOMuon asymmetry. The combined detection
asymmetry of LOMuon and muon identification has been measured in an independent
study to be (0.04 4+ 0.25) % after averaging the magnet up and magnet down data
samples of 2011 [65]. It should be noted that the value depends on the kinematics of
the studied decay channel.

4.6 Summary

The trigger and off-line event reconstruction has a high efficiency and precision. However,
imperfections in the various detector components and material interactions lead to
different reconstructions efficiencies of positively- and negatively-charged particles.
These detection asymmetries are at the per-mille and per-cent level. Some detection
asymmetries change sign when the polarity of the magnetic field is reversed. In the next
chapter the method to extract small CP asymmetries is presented. The strength of this
method is that detection asymmetries do not need to be measured individually. It is
exploited that detection asymmetries are the same for decays of ¢ and b hadrons with
similar topology.
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CHAPTER 5

Analysis strategy

In this chapter the strategy to measure CP asymmetries in muon-tagged D° — K~ K+
and D — 7~ 7" decays is discussed. The analysis includes the measurements of the
difference of CP asymmetries and the individual CP asymmetries. The latter uses
samples of Cabibbo-favoured D° and DT decays to correct for detection and production
asymmetries.

5.1 Observed asymmetries in muon-tagged D° decays

The quantities of interest of this analysis are CP asymmetries in DY — K~ KT and
DY — 77t decays, cf. Chapter CP violation manifests itself in different decay rates
of a D” meson to a final state, f, and a D° meson decaying into the final state, f. Both
final states, 7~ 7" and K~K*, are CP eigenstates, thus f = f. The time-integrated
CP asymmetry of a D° meson decaying into a CP eigenstate, f, is defined as

(D% — f) —T(D° — f)

ACP(f):F(D0—>f)+F(EO—>f) :

(5.1)

where I'(D® — f) and I'(D? — f) are the decay rates for D° and D° mesons, respectively,

in this case f = 77" or f = K~ K. Useful expressions of the branching fractions in
terms of the CP asymmetries are

DD = f) = & (D(D° = )+ T(D° = 1)) (1+ Acp(f)) , -

5.2

D(D° = f)=5 (C(D° = f)+T(D° = f)) (1 - Acp(f))

N — DN -

Both final states contain no information on the initial flavour of the D meson.
The flavour can be determined by reconstructing the origin of the D meson. Here,
the semileptonic B decays, B— D%~ X and B— D%t X, are used to tag the initial
flavour. A negatively-charged muon tags the flavour as D? and a positively-charged
muon as DY. The observed raw asymmetry for a D meson decay into a final state f is

defined as

(falu‘_) 7N(fwu’+)
(fin )+ N(fwt) 7
where N(f, n*) denotes the observed yield for a given decay and tag. The numbers

of reconstructed B— D%~ X and B— D°uT X decays are affected by two additional
asymmetries.

A (f) = x (5.3)
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First, B and B mesons have different productions rates which leads to an effective
production asymmetry of D mesons in semileptonic B decays, cf. Chapter The
production asymmetry is defined as

= _ P(B) —P(B)

Ap(B) = PB)+PB) (5.4)

where P(B) and P(B) are the probabilities to produce semileptonic B and B decays.
This includes the semileptonic branching fraction as well as B® mixing and possible CP
asymmetries in semileptonic B decays. It is referred to as B production asymmetry
to keep a clear distinction to the production asymmetry of prompt D mesons. The
production rates can be written as

(P(B)+P(B)) (1+Ap(B)) ,
(5.5)

NN

(P(B) +P(B)) (1-Ap(B))

Second, negative and positive muons have different detection efficiencies, see Chap-
ter [d The muon detection asymmetry is defined as

AD(,ufi) 6(lu’_) B 8(IU’+)

e(pt) +e(p™)

where e(u") and e(p™) are the efficiencies to detect a positive or negative muon, which
can be expressed as

: (5.6)

e(u) = 5(e(uh) +e(p™)) 1 EAp(p7)) - (5.7)

The efficiency includes effects from the detection, the trigger reconstruction and the
off-line track finding.

Summarising, the observed yields, N(f, u*), can be expressed in terms of branching
fractions, production rates and detection efficiencies:

N(f,u™)=a (D = f) P(B) e(u”) ,

N(f,u") =« 1"(50 — f) P(B) e(u™) , (5.8)

where a contains everything which is common to both decays, e.g., the reconstruction
efficiencies of 7~7n" or K~ K™ pairs or the efficiency to form a vertex out of muon and
D candidates. As this proportionality cancels, it is not important for the discussion
concerning asymmetries. Inserting Equations and [5.7] into Equation [5.8] yields

N(f,p7) o 1+ Acp(f)) 1+ Ap(B)) (14 Ap(u™))
= 1+Acp(f)+Ap(B)+Ap(p)+Ap(B)Acp (f)+Ap(B)Ap(u™)+Acp (f)Ap(n™)+Ap(B)Acp (f)Ap(n™) ,

N(f,u) o< (1= Acp(f)) (1= Ap(B)) (1 - Ap(u7))
= 1-Acp(f)—Ap(B)—Ap(p~)+Ap(B)Acp (/)+Ap(B)Ap (™ )+Ace (f)Ap (1™ )—Ap(B)Acp (f)Ap(17)

(5.9)
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The raw asymmetry from Equation is then given by

A () = Acp(f) + Ap(B) + Ap(p~) + Acp(f)Ap(B)Ap(u)
- 1+ Ap(B) Acp(f) + Ap(B) Ap(u~) + Acp(f) Ap(p~)

The numerator contains the odd combinations of the individual asymmetries, whereas
the denominator contains the even combinations. All CP, production and detection
asymmetries do not exceed the per cent level, as it is explained in Chapters [2] and [4
Therefore, neglecting third-order terms in the asymmetries, the raw asymmetry can be
written as

(5.10)

Arawe (f) = Acp(f) + Ap(B) + Ap(n™) - (5.11)
Corrections are of the order O(107%). This is an important result as it means that the
individual components of the raw asymmetry are independent of each other.

5.2 Determination of CP asymmetries

The method to extract AAcp, Acp(K~K™) and Acp(n~m") is presented. The strategy
is based on the assumption derived in the previous section that a raw asymmetry can
be written as the sum of its components if all contributing asymmetries are small.

5.2.1 Determination of AAcp

The previous discussion shows that the observed asymmetry contains not only CP asym-
metries but also spurious asymmetries induced by production and detection effects. The
raw asymmetries of muon-tagged D — K~ K+ and D°— 7~ n* decays are given by

Avaw(K™K™) = Acp(K~ K ") + Ap(B) + Ap(n™) (5.12)

and
Avaw (77 77) = Acp(n™ 7)) + Ap(B) + Ap(n™) (5.13)

respectively. Therefore, an experimentally very robust observable is the difference of
the two raw asymmetries

AAcp = Araw (K" KT) — Ay (7)) = Acp(K~ K1) — Acp(n~nt) (5.14)

where production and detection asymmetries cancel. The strength of the method is
that the individual components of the raw asymmetry do not need to be known. This
makes AAcp very robust and sensitive to CP asymmetries.

It is shown, among others, in Chapter and [] that detection and production
asymmetries depend on the kinematic distributions of the involved particles. The
kinematic distributions of both reconstructed decays have to be equal such that no
residual effects of the spurious asymmetries remain in AAgp. The procedure to equalise
the slightly different momentum distributions of muon-tagged D — K~ K+ and D" —
77T decays is an essential part of the analysis and is discussed in detail in Chapter

Both Acp(K~K*) and Acp(n~7t) contain effects from direct and indirect CP
violation through DY mixing, see Equation Indirect CP violation is expected to
be negligible at the current level of experimental precision [19] and measured to be
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consistent with zero [23]. Furthermore, it is considered to be largely independent of
the final state. Hence, indirect CP violation cancels to first order in the difference and
AAcp is predominantly sensitive to direct CP violationﬂ

5.2.2 Determination of Ap(K~7t), Acp(K~K™T) and Acp(n—w™)

The sum of muon detection and B production asymmetry can be determined by using
the Cabibbo-favoured D? — K~7 mode. CP violation in this decay can be neglected
at the level of the experimental precision as it is very much suppressed compared to the
CP asymmetry in the decays D’ — K~K* and DY — 7~ 7nt. The final state K7™,
however, is not a CP eigenstate. The detection asymmetry in this final state has its
origin in the different material interaction rates of positively and negatively charged
kaons, cf. Chapter Additionally, kaons and pions do not have the same momentum
distributions. Therefore, the final states, K~ 7" or K7, are also sensitive to selection-
or detection-induced asymmetries. The K~ 7" detection asymmetry, Ap(K 7t), is
defined as

e(K—nt) —e(Ktn™)

Ap(K™m") = e(K—7t)+e(Ktn) ’

(5.15)

where (K~ ") and e(K+7™) are the efficiencies to detect and reconstruct a K~ 7+
and Kt7~ pair. The largest part of the asymmetry is expected to come from the kaon
detection asymmetry, cf. Chapter [2.5.2

The previous discussion about raw asymmetries in D - K~ K+ and D° — 7~
decays is equally valid for decay channels where the D final state itself has a small
detection asymmetry at the per-cent level. The expression of the raw asymmetry of
muon-tagged D° — K~ 7% decays, Aaw (K ~71), is obtained when replacing Acp(f) in
Equation with Ap(K~ 7). Neglecting third-order terms in the asymmetries, the
raw asymmetry of the D — K~7% mode is

+

Avaw (K~ 7nt) = Ap(pu™) + Ap(B) + Ap(K 7). (5.16)

Hence, by determining A,ay (K ~7") one gets a handle on Ap(u~) + Ap(B) in muon-
tagged DY — K~ KT and D — 7~ 7" decays if Ap(K~7") is known. The measurement
of Ap(K~n™") is described in the following.

Determination of Ap(K—n™)

The detection asymmetry Ap (K~ 7") can be determined with two calibration modes:
Dt — K~ntzt and D — K. Charm mesons are directly produced at large rates
in proton—proton collisions at the LHC. Directly produced charm mesons are referred
to as prompt D mesons. The c¢ cross section is about a factor 20 higher than the bb
cross section, cf. Chapter [2.6.1] and both decay channels are Cabibbo-favoured due to
the common ¢ — sud transition. Consequently, large data samples are available.

'If the decay-time acceptance of reconstructed D° — K~ KT and D° — 7« " decays is different,
the time-integrated measurement of AAcp can be sensitive to indirect CP violation. The effect has
been studied in Refs. [2}|3] and is found to be negligibly small for muon-tagged D° decays.
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The flavour tag is unambiguous because of the charged initial and final states. The
raw asymmetry of prompt DT decays is defined as
()= DT =N =)
= ENDT S e ND S )

(5.17)

where f can be K~7tnt or K7t and f is the corresponding CP-conjugate state. This
convention is chosen such that the K ~7t pair has the same signs in D — K~ and
Dt — K—7nm7n" decays.
The detection asymmetry of charged pions is defined as
e(rt) —e(n™)

Ap(nt) = ) T e(n) (5.18)

where e(7F) is the detection and reconstruction efficiency of 7+ mesons. Pions do not
have a significant material interaction asymmetry, cf. Chapter Any non-vanishing
Ap(nt) is dominated by an asymmetry in the track reconstruction. Using the definition
of Ap(D™"), see Equation and that the reconstruction efficiency of D mesons
is proportional to the product e(KTnt)e(nt), the raw asymmetry of DT — K~ rtnt
decays can be expressed as

Araw (K~ 777T) = Ap(DT) + Ap(K~ 7)) + Ap(n™) (5.19)

where terms of third order in the asymmetries are neglected.
Similarly, the raw asymmetry of Dt — KT decays is written as

Ao (K077) = Ap(DH) + Ap(n) + Ap(K°) | (5.20)

where Ap(K?) is the neutral kaon asymmetry. The convention here is that K~ and K°
states contain an s quark. Therefore, Ap(K?) is defined as

e(K?) — e(K?)

AD(KO) 8(}?0)—{—8(_[(0)

(5.21)

K% and K° mesons are reconstructed in the CP eigenstate 77 ~. Henceforth, the
detection efficiencies e(K?) and ¢(K°) include effects from CP violation in the decay
K% — 777~ and from different interaction rates of K° and K° in the detector material.
Compared to the charged kaon detection asymmetry, it is a small but still non-negligible
correction. The neutral kaon asymmetry is discussed and determined later in Chapter [0}

Using Equations and , Ap(K~7") can be obtained as
Ap(K™ 7)) = Apaw (K7 1) — A (KO7T) + Ap(K°) . (5.22)

It should be stressed that the presented method assumes that direct CP violation can
be neglected in Cabibbo-favoured DT decay modes.

63
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Determination of Acp(K~KT)

The CP asymmetry in singly Cabibbo-suppressed D° — K~ K™ decays where the flavour
is determined by reconstructing semileptonic B decays is then determined by combining

Equations and
Acp(KK*) = A (K~ K*) — A (K—75) + Ap(K-7%) ., (5.23)

where Ap(K~m") is obtained from Equation The measurements of Acp(K~K™)
and AAcp are correlated as both use the same muon-tagged D° — K~ KT events.
Equation [5.23|is only valid in the case that production and detection asymmetries cancel.
The cancellation, however, depends on the agreement of the kinematic distributions.
Without going into detail, the agreement of the kinematic distributions is not as good
as in the AAcp determination as kinematically very different decay channels are used.
First of all, the kinematics of prompt produced D+ mesons and their decay products
are compared with secondary D° mesons and their decay products. Furthermore, the
kinematic distributions of two-body decays are compared with those of three-body
decays. The implications are discussed in Chapter [§]

Determination of Acp(w—7nT)

The measurements of Acp(K~ K1) and AAcp determine the CP asymmetry in the
D® — 77" decay mode:

ACP(W_W+) = ACP(K_K+) — AAcp . (5.24)

The individual asymmetry Acp(K~K7T) is determined as the D° — K~ K7 decay
channel has a higher signal yield than the D° — 7~7+ decay mode.

5.2.3 Wrong flavour tags

The previous discussion omitted another correction for the sake of convenience. The
flavour tag, given by the muon charge, may be wrong if a non-genuine semileptonic B
decay is selected. Possible sources are prompt D° mesons or muons from the other b
hadron in the event. The probability that such an event occurs is given by the mistag
probability, w, which dilutes the measured CP asymmetries. A detailed discussion follows
later in Chapter A mistag probability around 1% is found and the formula to
determine A Acp, including a small mistag probability, is modified as

AAcp = (1 +2w) [AraW(KfKJF) — Araw(ﬂ'iﬂ'Jr)] ) (5.25)

Also in the DY — K—7t decay mode the flavour tag is exclusively given by the muon;
thus, doubly Cabibbo-suppressed D°— K+7~ decays are included in the selection, as
well as the Cabibbo-favoured D° — K ~nt decays, cf. Chapter m The reasons for
the inclusion are discussed later in Chapter Similarly to the mistag probability,
the kaon detection asymmetry is damped by the wrong-sign decays. The formula to
determine Acp(K~ K1) is modified as

Acp(K~KY) = (142w) [Aaw(K~K) = Apaw (K~ 7) ]| +(1-2R) Ap(K ), (5.26)
where R is the ratio of branching fractions of wrong-sign D° — K~z over right-sign

DY — K*r~ decays.
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5.3. Combining different data sets 65

5.3 Combining different data sets

The data set used can be divided into four disjoint samples according to the magnet
polarity, up and down, and the year of data taking, 2011 and 2012. Detection asymme-
tries are treated as different in each data set as the state of the LHCb detector changes.
The production asymmetry is expected to be slightly different in 2011 and 2012 due to
the changed centre-of-mass energy.

The LHCD dipole magnet is breaking the left-right symmetry of the detector for
charged particles. Depending on the polarity, particles of one charge are more often
bent into one half of the detector as the other. Detection asymmetries originating from
a left-right asymmetric detector change sign when reversing the magnet polarity:

AL = AL . (5.27)

The methods described in this chapter are designed to work for each polarity individually
as detection asymmetries cancel in the difference of raw asymmetries. This assumption
of cancellation is tested by performing all measurements independently for the two
polarities. This is important as magnet up and down data are not taken at the same
time. Thus, there might be small variations as detection asymmetries can change over
time. Nevertheless, the arithmetic mean of the two magnet polarities is taken as an
additional precaution against unaccounted asymmetries:

Aiaw (year) + A}Law (year)
2 )

Asaw (year) = (5.28)
where charge dependent left-right asymmetries (mostly) cancel independently of the
size of the magnet up and down data samples. This is at the expense of sensitivity as
the statistical uncertainty is then given by the smaller data sample. The loss is small as
in 2011 the split is about 40 % magnet up data and 60% magnet down data. In 2012
nearly equal amounts of data were taken with each polarity.

Likewise, the analysis is performed independently for the two data taking periods,
2011 and 2012. The centre-of-mass energy of the pp collisions was increased from
7TeV to 8 TeV and detectors were repaired or moved. Hence, production and detection
asymmetries changed. The final result is the weighted average of the two measurements
obtained in the 2011 and 2012 data samples:

1 1 1
Apaw = —1 - <02 Apaw (2011) + a2AraW(2012)> , (5.29)
2011 2012

T5011 %

where 09911 and 09912 are the statistical uncertainties of the 2011 and 2012 measurements.

The measurements of AAcp and Acp(K~K™) are determined from the final combi-

nations of the raw asymmetries. The CP asymmetry measurements are also performed

individually for each of the four samples to test their stability in different data taking

periods. Additionally, results are quoted separately for the magnet up and magnet down
samples, averaged over both data taking periods.
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5. Analysis strategy

5.4

Structure of the following chapters

The remaining part of this thesis is structured as follows:

In Chapter [6] the trigger and off-line selection of the various channels is described.

In Chapter [7] the procedure to extract raw asymmetries from data is introduced.
The raw asymmetries of all channels are measured to give the scale of the asym-
metries and their dependence on various kinematic variables.

In Chapter [§] it is explained how kinematic distributions are adjusted such that
the cancellations of spurious asymmetries work in the differences.

In Chapter [9] the neutral kaon detection asymmetry is discussed and determined.
In Chapter [10[ the measurement of the mistag probability is performed.

In Chapter [11] all components of the measurements are combined to present the
results of the CP asymmetries.

In Chapter [I2] the stability of the presented method is tested extensively on data.
In Chapter [13]| systematic uncertainties are evaluated.

In Chapter [14] the results are summarised.

The last section of each chapter summarises its important results.
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CHAPTER 6

Trigger and off-line selection

The trigger and off-line selection is based on the output of the event reconstruction
discussed in Chapter [4 Particle candidates formed out of tracks and particle identifica-
tion information are combined to reconstruct decays of ¢ and b hadrons. This chapter
discusses the trigger and off-line selections of muon-tagged D° — K~ K+, D — 7= x+
and D° — K7t decays originating from semileptonic B decays and the selections
of prompt DT — K~ nt7t and D — K% decays. Even the samples of the singly
Cabibbo-suppressed D decays have signal yields of several hundred thousands as
semileptonic B decays have a branching fraction of 10%. The signal yields of the
Cabibbo-favoured D? and Dt decays considered in the analysis are several millions,
especially for the prompt D™ — K~ 77" decay mode. As shown in previous chapters,
the selection and reconstruction of events leads to detection asymmetries of positively-
and negatively-charged particles. Therefore, the focus of the selections is to be clearly
defined, particularly in the trigger, such that detection asymmetries are controllable.

First, the general topology of of semileptonic B and prompt DT decays is introduced.
Second, the selections applied in the trigger are discussed in detail. Third, the off-line
selection of all decay modes is explained. Fourth, the signal yields of all decay channels,
after trigger and off-line selection, are given in the last section of this chapter.

6.1 Topologies of semileptonic B and prompt D™ decays

The distinct signatures of B and D decays are exploited to select events at the trigger
stage and in the off-line event reconstruction. Therefore, the topologies of all decay
channels used in the analysis are shortly introduced.

Semileptonic B decays

The reconstructed particles of a semileptonic B decay and their topology are depicted
in Figure The lifetime of B and D° meson is large enough that they fly several
millimetre, if they are produced in the acceptance of the LHCb detector. The lifetime
of a DY meson is about three times shorter than the lifetime of B® and B mesons.
The two-body D® — K—7t, D'+ K~ K* and D°— 77" decay channels are used
in the measurement. The D® — K~ 7t decay channel includes the Cabibbo-favoured
D® — K~r% mode and the doubly Cabibbo-suppressed D? — K+7~ mode. The flavour
of the DY meson is determined by the charge of the muon which originates from the
B decay vertex. The neutrino and other charged or neutral particles are not used
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68 6. Trigger and off-line selection

D° decay vertex

B decay vertex

Figure 6.1: The reconstructed particles and vertices of a semileptonic B decay followed by a
two-body D decay. The sketch indicates the following selection variables: The flight distances
of B and DY candidates, the so-called impact parameter of one of the decay products and the
primary vertex position. Note: At least the neutrino is not reconstructed.

in the selection of the decays. Therefore, the invariant mass of the B meson is not
fully reconstructed and the reconstructed B momentum does not point directly to the
primary vertex due to the missing momentum.

The main handles on the authenticity of the reconstructed decays are large impact
parameters of the reconstructed tracks, see Figure for the definition of the impact
parameter, two displaced secondary vertices with a good quality and a track which
is associated to a muon candidate in the muon stations. The types of hadrons, kaon
or pion, are identified with the particle identification systems of the LHCb detector.
Furthermore, the final state particles have in general a harder transverse momentum
spectrum than the light quark background from the primary interaction.

If not explicitly stated otherwise, it is implied that D® - K—7*, DY - K- K+
and D — 77T decays originate from semileptonic B decays. They are referred to as
muon-tagged D° decays.

Prompt D71 decays

The two decay channels DT — K~ ntnt and D* — K%t are used to measure the
detection asymmetry Ap(K~7"). In both cases DT mesons originating from the primary
interaction are selected. The Dt — K w7 branching fraction, (9.13 £+ 0.19)%, is
about six times higher than the D™ — K" branching fraction, (1.47 & 0.07 %) [16].
Additionally, the reconstruction efficiency of D — K%t is much lower as explained in
the following.

The topologies of both decays are shown in Figure The lifetime of DT mesons is
shorter than that of B mesons. Therefore, the final state particles are less displaced than
those originating from B decays. Furthermore, the final states are purely hadronic which
is harder to separate from the light hadron background than a muon in the final state.
Nevertheless, the production rate of prompt D mesons is so large, cf. Chapter [2.6.1
that tight selection cuts on the transverse momenta and the impact parameters of
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K decay vertex

D™ decay vertex

(\ " flight distance

impact parameter

(a) DY - K—ntnt

(b) Dt — KO+

Figure 6.2: The reconstructed particles of prompt (a) DT — K~ 7t7* and (b) D* — Ko+
decays. The sketch indicates the following selection variables: The flight distances of DT and
K9 candidates, the impact parameters of decay products and the primary vertex positions. The
K state is produced in the decay D — K%z, the reconstructed final state is the K? state.

the decay products can be applied to suppress light hadrons from the primary vertex.
Combinatorial background can be further reduced by requiring that the DT candidate
is pointing to the primary vertex and that it has a significant flight distance and decay
time.

In the decay Dt — K97 T the flavour of the neutral kaon is fixed at creation to K°.
Then, the state evolves as a superposition of the K{ and K0 states. In this analysis,
only the decay to the CP eigenstate w7~ is reconstructed which is an almost pure
K9 state. Therefore, in the selection of the decay it also referred to as a K meson.
The K? meson’s lifetime is rather long; hence, only a quarter of the K{ mesons of
DT — K1t decays in the LHCb acceptance occur inside the VELO. In this case the
pions are reconstructed as long tracksﬂ If required, this type of events is labelled as
long-reconstructed or short LL. Half of the K mesons decay between VELO and TT and
are reconstructed with two downstream tracks, labelled as downstream-reconstructed or
short DD. K2 decays behind the TT are not reconstructed. The lifetime of K mesons
is about a factor of 50 larger than the K0 lifetime. They rarely decay inside the LHCb
detector.

As explained, many reconstructed K° and K° mesons traverse large amounts
of detector material, the downstream-reconstructed candidates more than the long-
reconstructed candidates. Analogously to charged kaons, K° and K mesons have
different material interaction rates. Additionally, the decay into the final state 77~ is
CP-violating and both effects interfere as it is explained later in Chapter [0} In order to
properly describe the measured asymmetry, all effects have to be taken into account.
The effect on downstream-reconstructed K? mesons is large enough that they are not
considered in the CP asymmetry measurement. However, they are essential to be able
to extract a systematic uncertainty on the neutral kaon asymmetry Ap(K?).

If not explicitly stated otherwise, it is implied that D* — K~ n+7t and DT — K97+
decays originate from the primary interaction and are referred to as prompt DT decays.

'The different types of tracks are defined in Chapter
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6.2 Trigger selection

The task of the trigger system is to rapidly select “interesting” events during data
taking as detector readout and off-line resources are limited. The LHCb trigger system
is divided into two stages. The first stage is a system implemented in hardware. It is
described in Chapter The second stage is implemented in software and runs on a
large computer farm. The trigger algorithms and selections relevant for this analysis
are explained in the following.

6.2.1 First level trigger (LO)

The hardware trigger LO selects events at a rate of about 1 MHz. Two independent
systems are used to select heavy quark events, the LO-calorimeter trigger and the
LO-muon trigger. Both systems are described in Chapter The LO-calorimeter trigger
effectively selects hadronic final states of prompt DT decay modes. The trigger selection
of semileptonic B decays uses the LOMuon decision as input.

6.2.2 High Level Trigger (HLT)

Events selected by L0 are transferred to a large computer farm where the software stage,
the High Level Trigger (HLT), is executed. The HLT reduces the LO rate of about
1 MHz in two stages. The first stage (HLT1) performs a partial event reconstruction to
reduce the rate to 40 — 80 kHz. The second stage (HLT2) uses almost fully reconstructed
events to decide which events are written to storage and, hence, are available for physics
analyses. The HLT uses reconstruction algorithms close to the off-line reconstruction
but simplified in some places to meet the timing requirements. The HLT2 output rate
was about 3kHz in 2011 and about 5kHz in 2012.

A sequence of reconstruction and selection algorithms to trigger an event is called
trigger line. As the HLT is fully implemented in software, it is very adaptable to
changing running conditions. The principles of the trigger lines to select signal and
calibration channels have not significantly changed during 2011 and 2012. They are
explained in the following.

HLT1

The first stage of the software trigger exploits that decay products of ¢ and b hadrons
have a larger transverse momentum than light quark background and are displaced
from the primary interaction. Therefore, the first stage searches for one charged particle
meeting these criteria.

The first step in HLT1 is to reconstruct tracks in the VELO to measure the position
of the primary vertex (PV) and to determine the impact parameter (IP) of all tracks.
VELO tracks with an impact parameter to any PV larger than 0.1 mm are processed
further. To identify signal candidates, the VELO track is extended with hits in the
tracking stations behind the magnet. Two different routes are possible.

The so-called H1t1TrackA11LO line runs independently of the type of L0 decision.
Corresponding hits in the T-stations are searched for in a small window around a straight
line extrapolation by the forward tracking. The requirement py 2 1.6 GeV/c implies a
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Table 6.1: Settings of the HLT1 track trigger lines. If thresholds changed, they are given
as 2011/first half 2012/second half 2012. The definition of X2, /ndf changed between 2011
and 2012. The requirement xZ, ., /ndf < 2.0 in 2012 is looser than X2, /ndf < 2.0 in 2011. If
between hits in two different VELO layers one layer is omitted, it is counted as a missed hit.

H1t1TrackAl1lLO Hlt1TrackMuon
IP > 0.1mm > 0.1mm
x2(IP) > 16 > 16
D > 10/10/3 GeV/c > 8/8/3GeV/c
T > 1.7/1.7/1.6 GeV/c > 1.0GeV/c
X2 oo /df <2.0/1.5/2.0 <2.0/2.5/2.5
# VELO hits >9 > 6
# Missed VELO hits <3 -
#OT+#IT x 2 hits > 16 > 12
TT confirmation no/no/yes no/no/no
Muon confirmation no no

search window size of maximally 50 cm. Afterwards a Kalman filter [56] is applied to
determine the x?_ , /ndf and the covariance matrix of each track. This allows for a cut
on the significance of the impact parameter (x?(IP) > 16) to further suppress prompt
particles. Ghost tracks are rejected by requirements on the track quality, like Xfrack /ndf
or numbers of observed hits in each tracking detector. In order to further reduce ghost
tracks at an early stage, VELO tracks are required to be additionally confirmed by TT
hits. The latter requirement had not been introduced before the middle of 2012.

The so-called H1t1TrackMuon line is executed exclusively if the event is triggered
by the LO-muon trigger. First, muon candidates are identified by matching VELO
tracks to hits in the muon stations [66]. Second, selected VELO tracks are extended to
long tracks. As the rate of muons is considerably lower than those of hadrons, looser
requirements on pr and track quality are possible. The requirement on the significance
of the impact parameter is the same. The cuts are summarised in Table

This analysis is restricted to semileptonic B decays triggered by Hlt1TrackMuon
and H1t1TrackAl11lLO, while the prompt DT decay modes are solely selected by
H1t1TrackAl1l1lLO.

HLT2

The second stage of the software trigger, HLT2, performs an event reconstruction similar
to the off-line reconstruction at a rate of 40 — 80kHz. The forward tracking is run
for all VELO tracks with wider search windows. The momentum requirements are
p 2 5GeV/c and pr = 0.5GeV/c in 2011 and p = 3GeV/c and pp 2 0.3 GeV/c in 2012.
For comparison, the off-line reconstruction searches for all particles in an event with a
pr larger than 50 MeV/c. Particles with a momentum below 2 GeV/c are bent out of
the detector acceptance.

Due to a larger computer farm and improvements in the trigger software, more
processing time was available in 2012. The additional computing time was used to run a
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Figure 6.3: (a) The definition of prmiss. The dashed black line is the direction of flight of
the B meson. The black momentum vector is the momentum of the 2-body combination. The
dashed red line belongs to a not-reconstructed particle. The distribution of meey for (b) 2-body
and (b) 3-body combinations of a genuine 4-body B decay. Figure from Ref. [67].

tracking algorithm (on unused hits) which starts searching for tracks in the T-Stations.
The T-tracks can be combined with VELO tracks to increase the long track efficiency
by 1-2%. Additionally, this allowed to run the downstream tracking to reconstruct
tracks without hits in the VELO. This is important to trigger on decays involving K?
mesons. The muon identification is performed on all tracks with the same algorithm as
used in the off-line reconstruction, cf. Chapter

The reconstructed tracks are used as input for 100-200 trigger lines in HLT2 to
select events for physics analyses. Two approaches are used: Inclusive lines search for a
variety of partially reconstructed b-hadron decays and exclusive lines fully reconstruct
mainly prompt c-hadron production.

The so-called topological trigger lines are based on n-body combinations of 2,3,
or 4 tracks to partially reconstruct b-hadron decays. They exploit the topology of
B decays, previously shown in Figure [6.1] The principle is the following: First, a
set of reconstructed tracks is selected by cuts on the track quality and the impact
parameter to reject prompt particles. Second, two tracks are combined to a 2-body
object by requiring that their distance of closest approach (DOCA) is less than 0.2 mm.
Subsequently, up to two additional tracks are added with the same DOCA requirement
to form 3- and 4-body objects. The D mesons of B — DuX decays have a finite lifetime
and, therefore, not all decay products of b hadrons originate from a common vertex.
Although the DOCA requirement is chosen loose, the tracks of decay products might be
rejected by this requirement. Therefore, the topological trigger is designed to make a
decision on partially reconstructed decays. The neutrino of a semileptonic B decay is
not reconstructed in any case. One important variable is a corrected mass, mcorr, which

is defined as
Meorr = V/ m? + ‘meiss‘2 + ‘meiss‘ ,

where prmiss is the missing momentum transverse to the direction of flight, as defined
by the PV and the n-body vertex [43], see Figure and m the invariant mass of
the n-body object. The distribution of m¢e for a genuine 4-body B decay is shown in
Figure and for 2- and 3-body combinations. It can be seen that it is closer to
the real B mass if more decay products are added. Prompt charm hadrons are discarded
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by requiring that meoy is above 2 GeV/c and each (n—1)-body object of an n-body
trigger must have an invariant mass greater than 2.5 GeV/c. A multivariate selection is
used to make a decision if a candidate is accepted or not. The topological lines with at
least one track identified as a muon are called H1t2TopoMuNBodyBBDT.

A special line to select muons from secondary vertices is the so-called
H1t2SingleMuon line which searches for one highly displaced track identified as a
muon. As its rate is very high, it is executed only in 50 % of all events (randomly
selected).

The rate of prompt c-hadron events is a factor of 20 higher than the bb rate. About
10% of all pp collisions at the LHC contain a ¢ hadron. In order to control the
rate, prompt charm mesons are selected by exclusive lines which select certain decays
interesting for physics analyses. These lines fully reconstruct the final state. First,
tight requirements on the impact parameters and the transverse momenta of final state
candidates are applied to suppress combinatorics from the light hadron background.
Second, c-hadron candidates are accepted if the reconstructed invariant mass, the flight
distance and the pointing to the primary vertex are consistent with a prompt produced
¢ hadron.

As the particle identification of hadrons is a time consuming task, cf. Chapter
it cannot be executed for trigger lines which have a high rate. Thus, the HLT2
reconstruction does not distinguish between three-body DT or D} decays with different
combinations of charged kaons and pions in the final state, e.g. DT — K- 7ntnt,
Dt — K-K*n™ or DY — 7~ 7", Therefore, the algorithm to select these class of
decays tests all possible combination and accepts a trigger candidate if the three-body
invariant mass is in the range [1800,2040] MeV/c?. The decay D* — K- ntrt is
triggered by the so-called H1t2CharmHadD2HHH line.

The decay Dt — K%zt is selected by combining KJ — n+7~ candidates with an
additional charged pion. The K{ — 77~ candidates have to have a reconstructed
invariant mass consistent with the mass of neutral kaons and a significant displacement
between decay and primary vertex is required. As mentioned before, the downstream
tracking which reconstructs the decay products of long-lived particles was not used
in the trigger in the 2011 data taking. Thus, there was no trigger line in 2011 to
select DT — K" decays where the K meson had a flight distance larger than the
VELO acceptance. The trigger line based on long-reconstructed K9 candidates is called
H1t2CharmHadD2KSOH D2KSOPi and the trigger line based on downstream-reconstructed
K? candidates is called H1t2CharmHadD2KSOH D2KSODDPA..

6.2.3 Trigger categories

In order to fully control reconstruction effects, it is important to know if a signal
candidate which is used in the analysis has been used in the trigger decision. Therefore,
the trigger line which selected an event and all detector hits which were used to form
the given trigger candidate are saved when writing an event to storage. This allows to
check if the off-line reconstructed signal candidate was used in the decision process of a
specific trigger line. Three categories are defined [68]:

Triggered On Signal (TOS): The off-line signal candidate was sufficient to trigger
the event.
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Triggered Independent of Signal (TIS): Something else which has a disjoint set
of detector hits was sufficient to trigger the event.

Triggered On Both (TOB): Neither the signal nor the rest of the event was sufficient
to generate a positive trigger decision.

It is important to note that an off-line candidate can be triggered independent of signal
(TIS) and triggered on signal (TOS).

In the case of a single reconstructed off-line track the definition of TOS is: A trigger
track is matched to an off-line track when more than 70 % of the hits of the trigger
track are contained in the off-line track. The definition for composite particles is: The
off-line reconstructed tracks of the candidate’s final state particles contain the tracks of
the trigger candidate.

As an example the reconstructed decay B— D°(— K~ K*)u~ is considered. The
reconstructed final state is composed of three tracks. The two kaons and the muon can
trigger the H1t1TrackA11LO line. Hence, each of the kaon and muon candidates can be
H1t1TrackA11LO TOS. If at least one of the reconstructed decay products fulfilled the
H1t1TrackAl1LO criteria, the composite B candidate is H1t1TrackA11LO TOS.

A B— D°(— K~KT)u~ candidate can be H1t2TopoMu2BodyBBDT TOS and
H1t2TopoMu3BodyBBDT TOS. Then, two or three of the off-line reconstructed tracks
are matched to trigger tracks which were used in the H1t2TopoMu2BodyBBDT
or H1t2TopoMu3BodyBBDT line, respectively. The B candidate cannot be
H1t2TopoMu4BodyBBDT TOS as this requires a four-body off-line candidate.

6.2.4 Trigger requirements of muon-tagged D° and prompt DT decays

The trigger lines are selected such that potential detection asymmetries introduced by
the hardware and software trigger cancel in the difference of raw asymmetries of two
decay channels. Therefore, a clear and simple trigger path is chosen for each decay
mode. Additionally, specific TIS and TOS requirements are applied at each trigger
stage to be certain that the signal decay either has or has not triggered the event.

Semileptonic modes

The trigger requirements of the A Asp measurement have been chosen in such a way
that muon detection and B production asymmetries cancel in the difference of the raw
asymmetries of muon-tagged D° — K~ K1 and D — 7~ 7" decays, see Equation

First in LO, the off-line muon candidate is required to have triggered the LOMuon line.
The efficiency with respect to off-line selected events, obtained from simulation |44]E]
is around 60 %. In an analysis of exclusively D? — K~ K+ and D° — 7~ 7t decays
the hadronic trigger could be used as the symmetric final states cannot introduce a
detection asymmetries. However, its efficiency is around 10 % for semileptonic B decays.
It does not add significant statistics after the final selection and is omitted for simplicity.

2 Trigger efficiencies from simulated data are quoted with respect to off-line reconstructed signal
decays. The efficiencies of HLT'1 and HLT2 lines are given with respect to off-line selected events passing
L0 and HLT1, respectively. The off-line reconstruction and trigger efficiencies were determined by a
summer student on simulated events. The work is documented in Reference [44].
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6.2. Trigger selection 75

Table 6.2: Contributions of different trigger lines to the sample of off-line selected events in
data. The numbers shown give the fraction of events in the selected data sample that pass a
given trigger requirement (note that this is not the trigger efficiency). The numbers for the
HLT1 (HLT?2) are defined with respect to the number of candidates passing the combined L0
(HLT1) lines. The fractions are given for 2011 and 2012 data in parenthesis.

Trigger line D° st D5 K-K+* D°— K—=nt
LOMuon TOS on muon 0.974 (0.855)  0.974 (0.860)  0.973 (0.855)
H1t1TrackA11L0 TOS on B 0.910 (0.875)  0.899 (0.865)  0.903 (0.869)
Hlt1TrackMuon TOS on muon 0.806 (0.866)  0.813 (0.872) 0.809 (0.870)
combined HLT1 0.981 (0.986)  0.977 (0.985)  0.978 (0.986)
H1t2SingleMuon TOS on muon 0.175 (0.182)  0.184 (0.192) 0.180 (0.189)
H1t2TopoMu2BodyBBDT TOS on B | 0.696 (0.707)  0.688 (0.698)  0.691 (0.704)
H1t2TopoMu3BodyBBDT TOS on B | 0.618 (0.664)  0.590 (0.648) 0.596 (0.651)
H1t2TopoMuNBodyBBDT TOS on B | 0.847 (0.865)  0.822 (0.841) 0.831 (0.853)
combined HLT2 0.889 (0.901)  0.875 (0.885)  0.880 (0.894)
combined trigger 0.849 (0.759)  0.832 (0.750)  0.838 (0.753)

Second in HLT1, D° -+ K~ K+ and D° — 7~ 7t candidates are selected if either
the muon candidate triggered Hlt1TrackMuon or one of the decay products triggered
H1t1TrackA11LO. The latter cannot introduce an additional asymmetry as both final
states are CP eigenstates. Any asymmetry introduced due to the muon is cancelled in
the difference of the two raw asymmetries. The efficiency relative to L0 and off-line
selection, obtained from simulation [44], of the H1t1TrackMuon line is around 65 %. The
efficiency of the H1t1TrackA11LO line is higher with 75 % as three particles can fulfil
the criteria. The combined efficiency is about 85 %.

Third in HLT?2, semileptonic B decays are triggered by the H1t2TopoMuNBodyBBDT
and the H1t2SingleMuon lines. The 2- and 3-body combinations contribute in roughly
equal amounts. The combined efficiency of the topological lines is around 70 % [44],
The H1t2SingleMuon line adds about 5 % signal candidates. The fractionsﬂ in data
of selected signal decays after the final off-line selections are shown for each trigger line
and decay mode in Table [6.2] It is seen that the tight requirements at all trigger stages
select about 85 % of the signal candidates of the 2011 data sample and roughly 75 % of
the 2012 data sample. The trigger requirements in 2012 were in general looser compared
to 2011. Thus, more candidates have been triggered independent of the signal. However,
these candidates are not considered in this analysis. It is also important to point out
that the individual fractions of the three decay channels are similar. If that was not the
case, trigger induced contributions to the raw asymmetries might be different between
the different decay channels.

The Acp(K~ K™) measurement requires tighter trigger requirements as the muon de-
tection and the B production asymmetry are determined with muon-tagged D° — K7+

3The given fractions should not be confused with trigger efficiencies. They show which trigger line
selected which fraction of off-line reconstructed decays.
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76 6. Trigger and off-line selection

e HLT1 TOS HLT 1 TOS
L0 TOS and HLT1 TOS (Trigger pion) (Trigger pion)

Figure 6.4: Tllustration of the LO and HLT1 strategy for correcting Ap(K~nT) in the raw
asymmetry of muon-tagged D° — K ~7t decays. Circles indicate the particle which is used in the
trigger decision. The Trigger pion is defined as the pion which has triggered the H1t1TrackA11L0
line. If both pions of D¥ — K~ 7T x have triggered, it is randomly assigned. The other pion is
called Slow pion.

decays. This channel is affected by the charged kaon detection asymmetry, see Equa-
tion In order to avoid any additional asymmetry induced by the HLT1 recon-
struction, only events where the muon candidate triggered the Hl1t1TrackMuon line are
accepted. The HLT2 selection is also simplified by omitting events triggered exclu-
sively by the H1t2SingleMuon line. This additionally ensures that the selection of the
K~7" pair is closer to the exclusive selection of prompt DT — K~ 777" candidates
in HLT2. For consistency, the same trigger requirements are applied to muon-tagged
D°— K~K* candidates which are used in the Acp(K~K™) measurement. Conse-
quently, the D® — K~ K+ sample of the Acp(K~K™T) measurement is a subset of the
sample used in the A Acp measurement.

Prompt modes

Prompt Dt — K~ 7t7t and D* — K%rt decays are used to determine the detection
asymmetry Ap(K~7), see Equation[5.15] The K~n pair of muon-tagged D® — K~ n+
decays is not used in the trigger decision of L0 and HLT1. This has to be reflected
in the trigger selection of D™ — K~nt7T and candidates to ensure the same trigger
detection asymmetries in DT — K- 7t7t and D° — K~ 7t decays. The strategy is
depicted in Figure [6.4] and explained in words in the following.

First in L0, the spatial resolution of the hadronic calorimeter is not enough to
trigger on a single particle. As the decays D* — K~ nt7t and Dt — K% have
different hadrons in the final state, potential detection asymmetries do not cancel in
the difference of both raw asymmetries. Thus, it is required that events are triggered
independently of the signal candidate in L0. Any asymmetry coming from the rest of
the event, e.g., the other ¢ hadron, is the same for both decay modes. About 70 % of the
off-line selected DT — K~ 77t and DT — K%+ samples are triggered independently
of the reconstructed Dt decay in the hardware trigger (L0OGlobal TIS). The trigger line
selection of both prompt decay modes is summarised in Table [6.3]

Second in HLT1, only candidates where a pion of the Dt decay triggered the
H1t1TrackA1l1LO line are selected. This pion is defined as the Trigger pion. The other
pion is called Slow pion. For Dt — K%t decays the Trigger pion is unambiguous as
the decay products of K mesons are not considered. Both pions of D* — K—ntx+
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Table 6.3: The trigger lines used to select prompt charm events. The TIS and TOS requirements
are given.

Trigger line Decay channel
L0Global TIS on DT Dt - K—rtnt and Dt — Krt

H1t1TrackA11LO TOS on one (Trigger) pion | D*— K—nat and Dt — K™

H1t2CharmHadD2HHH TOS on D+ Dt — K ntrt
H1t2CharmHadD2KSOH D2KSOPi TOS on D™ Dt — K% (LL)
H1t2CharmHadD2KSOH D2KSODDPi TOS on D | Dt — K%+ (DD)

decays can have triggered the event then the Trigger pion is chosen randomly. The
other pion is defined as Slow pion. This trigger line selection ensures that the K7+
pair of prompt D" — K~ 77" decays is not used to generate a positive trigger decision
in LO and HLT1 as it is the case for muon-tagged D® — K ~7T decays. For the prompt
Dt = K—rnt7nt and DT — KT decay modes the selection guarantees that a potential
detection asymmetry of charged pions induced by L0O and HLT1 is the same.

The H1t1TrackA11LO efficiency with respect to off-line reconstructed Dt — K77 ™
candidates varies from 50 to 70 % depending on the momentum of the D mesons [43].
In the off-line selected data sample at least one of the pion candidates fulfils the
H1t1TrackA11LO line criteria in 78 % of all events where the H1t1TrackA11LO line has
triggered the DT candidate. In the other events the kaon candidate has generated
the positive trigger decision of the H1t1TrackA11LO line. For H1t1TrackA11LO selected
Dt — K9t decays the (Trigger) pion has been used in about 75 % of all events to
trigger the event. In the other cases the decay products of the K candidate have been
used in HLT1.

Third in HLT2, exclusive lines which fully reconstruct the final states of
Dt — K—ntnt and DT — K9 T decays are used. As the track reconstruction in
HLT?2 is very similar to the off-line reconstruction, it does not significantly add detection
asymmetries with respect to the off-line reconstruction. The H1t2CharmHadD2HHH is
used to select DY — K~ ntrt candidates. The decay Dt — K97 is triggered by
the lines H1t2CharmHadD2KSOH D2KSOPi and H1t2CharmHadD2KSOH D2KSODDPi where
the latter combines downstream tracks to construct a K candidate. This line was
only present during 2012 data taking. The exclusive H1t2CharmHadD2HHH line has an
efficiency of about 50 % relative to HLT1 and off-line selected events.

6.2.5 Selection of trigger configurations

The trigger configuration had be to adapted to changing running conditions throughout
the years. The philosophy of the analysis is to control detection asymmetries. As
different trigger configuration could have different detection asymmetries, short periods
with different trigger settings are excluded from the analysis. If a large fraction of data
has been taken with the same trigger configuration, potential problems are visible when
looking at only this period. A large part of later chapters is dedicated to studying
the measured raw and CP asymmetries in different data taking periods defined among
others by changing trigger conditions.
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78 6. Trigger and off-line selection

In 2011 the majority of the data was taken with stable conditions. The LOMuon prt
threshold was 1.48 GeV/c for most of the data. In a few trigger configurations the
threshold was lowered to 0.8 GeV/c or raised to 1.6 GeV/c. This induces a different
LOMuon asymmetry; thus, these data are not considered in the analysis. This requirement
rejects about 1.8 % of the 2011 sample.

In 2012 the first recorded datall] were used to calibrate the transverse momentum
estimate of the LOMuon trigger. The integrated luminosity of this sample is about 80 pb~*
which corresponds to 8 % of the magnet down data of 2012. These data are not used to
measure detection and CP asymmetries. Furthermore, negligible amounts (0.1 %) of
data are rejected due to different HLT1 thresholds. There were significant changes in
the momentum and track quality thresholds in H1t1TrackA11L0 and Hl1t1TrackMuon
in the middle of 2012, see Table The first part of the data sample corresponding
to an integrated luminosity of 0.7fb~! has a tighter selection than the second part
corresponding to an integrated luminosity of 1.3fb~1.

For reference, the full list of used and not used trigger configurations is given in

Appendix [A]

6.3 Off-line selection

The off-line selection of semileptonic B and prompt D+ decays follows the same principles
as the selection in the trigger. However, as more processing time is available, a
more detailed event reconstruction can be performedﬂ Most significantly, particle
identification of hadrons is performed by using information from the RICH detectors
and the calorimeters. The track reconstruction is performed with looser momentum
requirements and redundant algorithms are used to increase the efficiency. The off-line
track fit uses the full available detector geometry to transport trajectories through the
detector, whereas the trigger reconstruction uses a simplified detector geometry.

The selection of all channels is explained in the following. A dedicated cut to reject
B— J/p X decays is discussed in more detail.

6.3.1 Off-line decay reconstruction

The off-line reconstruction combines reconstructed tracks, particle identification ob-
servables and a mass hypothesis to form K*, 7%, u*, e, p and p candidates. These
particles are considered as stable as their lifetime is large enough that the majority
of particles produced in the forward region can traverse the whole LHCb detector
before decaying. Among these particles the charged kaon has the shortest lifetime with
T~ 12x107%s ~ 3.7m/c. Combinations of stable particles form composite particles
with a finite decay time.

Two different vertex ﬁttersﬁ are used to reconstruct decays and their corresponding
vertices, the OfflineVertexFitter and the DecayTreeFitter. The main difference is

4The so-called run number of these data is smaller than 114000.

5The data of both years are reconstructed off-line with the same software versions of BRUNEL and
DAVINCI. The analysis uses data reconstructed and selected by the campaigns Stripping 20 for 2012
and 20rl for 2011. Both are based on the Reco 14 reconstruction.

51n fact the trigger uses a third one, the so-called LokiVertexFitter
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6.3. Off-line selection 79

how decays involving multiple decay vertices are treated.

The OfflineVertexFitter follows a bottom-up approach. For example, when
reconstructing the decay B — D%(— K~ KT)u~, first a vertex out of a K~ and a K+
candidate is fitted, then the DY and muon candidate are combined to a B candidate.

The DecayTreeFitter (DTF) fits simultaneously the full decay chain with a Kalman
filter [69]. The advantage of this approach is that the knowledge of a common D and
muon vertex can influence the DY vertex fit. This is especially important for extracting
the D decay time. Another advantage is that a particle can be constrained to originate
from the primary vertex which adds more information and improves the mass resolution.
The disadvantage is that the approach takes more processing time. The off-line and
the trigger reconstruction use first the bottom-up approach to reduce the number of
events. The DTF is applied after an event is selected to improve mass and decay time
resolution. Its use is explicitly stated in the following.

6.3.2 Momentum scale correction

The momentum measurement depends on the alignment of the tracking detectors and the
knowledge of the magnetic field. As there are variations over time, the momentum scale
changes. The momentum scale has been calibrated to make precise measurements of
D meson masses [70,71]. The calibration has been adapted for this analysis. By applying
the correction the mean of the mass is shifted closer to the PDG value. Additionally, the
fitted mean mass is more stable in different data taking periods. The mass resolution
improves by about 1% for the considered decays and tails in the mass distribution are
reduced.

6.3.3 Semileptonic B decay modes

The off-line reconstruction partially reconstructs semileptonic B decays as one or more
particles of the final state are missing. This means that D° candidates are combined
with muon candidates to form b-hadron candidates. The partially reconstructed decays
are written as B — D%~ and the CP conjugate B — D%u* in the following. The
DY and D° candidates are either reconstructed from K~ K+, 7~ 7t or KTn+t pairs.
The latter includes Cabibbo-favoured D° — K~z and doubly Cabibbo-suppressed
D® — K*r~ decays. The flavour of the D° candidate is given solely by the charge of
the muon candidate.

The off-line selection cuts are summarised in Table In order to minimise
differences in the selection and, thus, different detection asymmetries, the selection is
the same for all three decay modes. The only necessary difference are cuts to select
different types of hadrons. The reconstruction of B— D%y~ and B— D°u* candidates
is performed in three steps.

First, kaon, pion and muon candidates are chosen. Ghost tracks are re-
jected by a cut on the track fit quality, Xgrack /ndf, and the so-called ghost probability,
Pirack(ghost). The ghost probability is a multivariate classifier, using kinematic vari-
ables and track reconstruction parameters as inputs, to identify reconstructed tracks
which are not associated to a real particle [72]. An additional track reconstruction
artefact is when a charged particle is reconstructed by two or more similar tracks. These
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Table 6.4:

The selection requirements of muon-tagged D° - K- K+, D’ — 7~ 7t and

D% — K~nt decays. The selection cuts are explained in the text. The selection of the three
decay channels only differs in the particle identification cuts. The D°— K~ 7t selection runs
randomly on 50 % of all events.

Kaons Pions Muon
KL distance < 5000 KL distance < 5000 KL distance < 5000
X?rack/ndf <3 X%rack/ndf <3 X?rack/ndf <3
Pirack(ghost) < 0.5 Pirack(ghost) < 0.5 Pirack(ghost) < 0.5
X2 (IP) >9 X2(IP) > 9 X2(IP) >9
D >2GeV/e | p >2GeV/e | p > 3GeV/c
T > 0.3GeV/e | pr > 0.3GeV/e | pr > 1.2GeV/e
DLLk,(KK) >T7 DLLk,(KK) - ISMUON yes
DLL g (7rr) — DLL g (7mr) <=2 DLL,~ >0
DLLg,(Km) >7 DLLk,(Kr) <0
DO candidate
M (D) € [1780,1950] MeV/c?
DTF M (D) € [1795,1940] MeV/c?

x2(DOCA tracks)

Sum pr D° decay products
pr

x2-distance D vertex-PV

X\Qlertex/ndf
DTF X%ertex/ndf

CoS &

<20

> 1.4GeV/e
> 0.5GeV/e
> 100

<6

<6

> 0.99

B candidate

Mass from four-vector sum
M(B)

DTF M (B)

X%ertex/ndf

DTF X\ziertex/ndf

Cos o

DTF 7(D°)

Jp veto (see text)

80

< 6.2GeV

€ [2.5,6.0] GeV/c?
€ [2.5,5.0] GeV/c?
<6

<6

> 0.999

> 0.0ps

yes
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1

Figure 6.5: The reconstructed B — D%y~ decay. The pointing angle a, B and D flight
distance, and the reconstructed D momentum are sketched.

duplicated tracks are suppressed by a cut on the Kullback-Leibler (KL) distance [73].
The KL distance is a measure of the shared information of two tracks, based on the
determined track parameters. The larger the KL distance is the less likely is that two
tracks are duplicates of each other. Background from light prompt hadrons or prompt
muons is further rejected by a cut on the impact parameter significance, x?(IP), and
minimum momentum and transverse momentum requirements. A reconstructed track is
identified as a muon candidate by reconstructing a matching track in the muon stations.
These tracks get assigned the flag ISMUON, cf. Chapter A better estimate for the
authenticity of a hadron or lepton can be done by combining information of all particle
identification systems. The information is combined in the differences between the
logarithms of the particle identification likelihoods under different mass hypotheses,
DLL. Muon candidates are required to have DLL,; = InL, — In L; larger than zero.
The kaon or pion identification requirements, DLLg, = InLx — In L, differ for the
different decay modes. Kaon and pion separation is mostly given by the information
from the RICH detectors, cf. Chapter [4.4]

The kaon and pion candidates are then combined to form a D° candidate.
Before a common vertex is fitted, the two tracks are required to have y2-distance of
closest approach, x?(DOCA tracks), smaller than 20 and the sum of their transverse
momenta has to be larger than 1.4 GeV/c. The x? per degrees of freedom of the D°
vertex fit, X2, ox/ndf, is required to be smaller than 6 for the 0fflineVertexFitter
and the DecayTreeFitter. The reconstructed invariant mass of the D candidate has
to be between 1780 MeV/c? and 1950 MeV/c?. The reconstructed mass of the DTF is
used later in the analysis when fits to the invariant mass distributions are performed. As
B and D mesons have a finite lifetime, the y2-distance between primary and D° vertexm
should be larger than 100. The pr of the D° candidate has to be larger than 0.5 GeV/c.
Although the DY meson does not originate from the primary vertex, its momentum still
roughly points to the primary interaction due to the large boost in the forward direction,
see Figure Therefore, the cosine of the angle, o, between the D° momentum and
the direction from the primary vertex to the D° decay vertex has to be larger than 0.99.
The invariant mass distribution of selected D° — K~ K+, D — 7= 7+ and D°— K7+
candidates is shown in Figure The peaking structures in the D° — K~ KT and
D® — 77t invariant mass distributions are misreconstructed decays. The structure

“In DAVINCI this quantity is called BPVVDCHIZ2.
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Figure 6.6: The invariant mass distribution of reconstructed muon-tagged D° candidates
separately for p~- and u™-tags for the full data set. The signal yield is obtained from a simple
fit to the invariant mass distribution with a Gaussian to describe the signal peak and a linear

background model.

left of the D° — 7~ 7+ and right of the D° — K~ K™ signal peak are falsely identified
D® — K~rt decays. The distribution at the lower edge of the D® — K~ K* mass range
has contributions from D° — K~ K+7% or D* — K~ Kzt decays where the pion is
not reconstructed. These and other background sources are discussed in more detail in

Chapter where fit models for the D and DT mass distributions are developed.
Finally, a D° and a muon candidate are combined to a B candidate. As

the neutrino is not reconstructed, the invariant mass of the B mesons cannot be fully
reconstructed. Only loose cuts on the invariant B massﬁ are possible. In a first step the
invariant mass is obtained from the simple four-vector sum of muon and D° candidate,
a loose cut M (D) < 6.2 GeV/c? is applied. Then, a common vertex of the D° and
the muon candidate is fitted, only candidates with a x2,,;./ndf smaller than 6 are
accepted. The invariant mass has to be larger than 2.5 GeV/c? to suppress prompt charm

8The BY mass in MeV/c? and a mile in feet have the same number, 5276.
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Figure 6.7: The D°y invariant mass distribution of reconstructed muon-tagged D° decays
for the full data set and each DO final state. In the red distribution the non-D® background
is statistically subtracted by fitting the D invariant mass distribution. The so-called sPlot
technique is used [74], see also Appendix

background. In order to reject fully-reconstructed hadronic B decays, the reconstructed
invariant mass is required to be smaller than 5 GeV/c?. The invariant mass distribution
of selected B — Dy~ candidates is shown in Figure Qualitatively, the same
distribution is obtained for each decay mode after combinatorial D° background is
subtracted statistically.

Although the B momentum is not fully reconstructed, it still points close to the
primary vertex due to the large boost in the forward direction. Thus, cos « of the B
candidate is required to be larger than 0.999. Figure [6.§] sketches the topologies of
combinatorial background from prompt D mesons where the D decay vertex is closer
to the primary vertex than the B decay vertex and background from multi-body B
decays like B— J/i) X where all decay products form a common vertex. These types of
background can be rejected by requiring that the D decay vertex is in downstream
direction of the B decay vertex. Instead of a cut on the z-coordinates of the vertices the
DY decay time reconstructed by the DTF is required to be larger than zeroﬂ Negative
decay times are reconstructed when the flight distance and momentum vector point
into opposite directions. It is found that a tighter cut on the D decay time rejects as
much signal as background. Multi-body B decays are generally a source of background
as this type of background forms a common vertex and has the same topology as
semileptonic B decays. The case depicted in Figure where one muon from the
J/ip decay and a hadron are combined to a D candidate can be effectively suppressed
by a dedicated J/i) veto which is discussed in the next section. Further background
contributions are discussed in Chapter

6.3.4 J/) veto

One muon from a secondary J/i) decay and an oppositely charged hadron from the rest
of a B— J/i) X decay can be combined to form a DY candidate as shown in Figure m
The tag is then given by the charge of the other muon, the tagging muon. The decay

9The advantage of decay time cuts in contrast to flight distance cuts are that they do not introduce
biases in the decay time distribution. This is not important for this analysis as it is a time-integrated
measurement. However, there are time-dependent analyses ongoing using the same data set.
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Figure 6.8: Different types of background sources are sketched. The dashed red lines correspond
to not-reconstructed particles. (a) A prompt D° meson combined with a random muon to a
B— D°u~ candidate. (b) and (c) B— J/t) X decays reconstructed as B— D% ~.
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Figure 6.9: The invariant mass distribution of J/i) candidates. The hadron candidate with
opposite charge as the tagging muon is identified as ISMUON. The mass ranges of the J/) and
1¥(2S5) vetos are shown with red vertical lines. Only a part of the data was used to make
these plots. Note the different y-scales. The structure around 1.8 — 1.9 GeV/c? are genuine D°
decays where a hadron was misidentified as a muon, likely because the light hadron decayed
semileptonically to a muon in front of the muon stations.

BY— Jjp K*0) where the K*9 meson decays to a charged kaon and pion, is an obvious
source of this type of background. Its contribution can be reduced by reconstructing
the J/p meson. In case the DY candidate decay product with the opposite charge of
the tagging muon is identified as a muon with the ISMUON flag, it is combined with the
tagging muon to form a J/i) candidate. The mass hypothesis of the hadron candidate is
adjusted accordingly to the muon mass hypothesis. The x?/ndf of the fitted J/) vertex
has to be smaller than 9 to only select candidates which form a common vertex. The
invariant mass distribution of these J/i) candidates is shown in Figure for all three
decay modes.

The measured J/ip and 9(2S) masses are (3096.916 +0.011) MeV/c? and
(3686.109 + 0.014) MeV/c? [16], respectively. Clear peaks at these positions are seen in
all three distributions. In order to suppress this type of background and to keep all
signal decays, the B— D°u~ candidate is rejected if the reconstructed invariant mass of
the J/ip candidate is in a window of 45 MeV or 55 MeV of the J/ or 1(2S), respectively.
The misidentification of muons as pions is higher as the misidentification of muons as
kaons because the pion mass is close to the muon mass. Thus, mainly the D° — 7= 7+
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Figure 6.10: The invariant mass distribution of D® candidates with and without J/) veto.
Only a part of the data was used to make these plots.

decay channel is affected by this background. A significant fraction of the combinatorial
background of D® — 7~ 7+ candidates is of this type, as can be seen in Figure An
important observation is that the rejected events are evenly distributed in the D° mass
range. Consequently, the J/i) veto cannot affect the asymmetry determination.

The J/i veto has already been applied in all plots and tables except in Figure
and [6.10

6.3.5 Prompt D1 decay modes

The off-line reconstruction of the prompt DT — K~nt7xt and Dt — K% T decays
follows the principles which are discussed for the trigger selection of prompt charm
mesons and the off-line selection of B decays. However, D mesons have a shorter
lifetime than B mesons and are much lighter. Thus, the cuts on impact parameters,
flight distances and momenta are tighter to reject more light hadron background. The
selection requirements are summarised for D™ — K ~7 7T candidates in Table [6.5| and
for Dt — K%t candidates in Table [6.6]

Nevertheless, a few things are pointed out. The particle identification, the ghost
probability and the x2, /ndf selections of K~ and nt candidates of reconstructed
Dt — K—nt7nt decays are aligned to the selection cuts of muon-tagged DY — K7t
candidates, in order to have the same detection asymmetries. Differences in the kinematic
distributions are treated separately in Chapter

In the selection, K or K° candidates are referred to as a K candidate to indicate
that the final state 77~ is reconstructed. The invariant mass distribution for long- and
downstream-reconstructed K? candidates is shown in Figure The mass resolution
of downstream-reconstructed candidates is significantly better than for downstream-
reconstructed candidates.

The decay trees of DT — K~ 7t7t and D — K%rt candidates are fitted with the
DTF. For both modes, the D™ candidate is constrained to the PV to improve the mass
resolution. In the decay D — K°7r" the mass of K candidates is constrained to the
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Table 6.5:

Selection requirements of DT — K~ w7 candidates. The selection cuts are
explained in Chapter [6.3.3]

D decay products

X%rack/ndf <3
Pirack (ghost) < 0.5
pT > 250 MeV/c
D > 2.0GeV/c
2 (IP) >4
X2(IP) of > 1 track > 10
>opr > 2.8GeV/c
DOCA tracks < 0.5mm
DLLg, of K~ > 17
DLLy, of 7t <0
DT candidate
PT > 1GeV/c
X?/ertex/ndf <10
DTF X2, e /ndf <15
cos > 0.98
x2(IP) <12
x2-distance D° vertex- PV > 36
x2(FD) > 125
M(D™") € [1800, 1940] MeV/c?
Prescale 0.2
10° 10°
5 700 N e = 4518624 3 700F N ies = 8843171 3
E 0008 E § 600 3
S00F E 500F 3
400F E 400F 3
300F : 300F E
200§ ; 2005— —
100F —f 100F 3
450 500 550 450 500 550

M(n*) [MeV/c?]

(a) long-reconstructed

M(n ") [MeV/c?]

(b) downstream-reconstructed

Figure 6.11: The invariant mass distribution of (a) long-reconstructed and (b) downstream-
candidates K? candidates.
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Table 6.6: Selection requirements of DT — K%zt candidates. The selection cuts are explained

in Chapter [6.3.3]

0
K, decay products

LL combinations DD combinations
X2 e /nAE <3 <3
pT > 250 MeV/c =
D > 2.0 GeV/c > 2.0 GeV/c
2(IP) > 40 > 40
Y2(DOCA tracks) < 25 <25

Kg candidate

LL combinations DD combinations
pT > 1GeV/c > 1GeV/c
2 (IP) > 7 -
Xeortex/nAf <10 <10
x2-distance D vertex- PV - > 200
M(K°) € [462,532] MeV/c? € [433,561] MeV/c?

Trigger pion

pr > 250 MeV/c
D > 2GeV/c
X2 oo /ndf <3
Pirack(ghost) < 0.5
X2(IP) > 15
DLLg, <0

DT candidate

S pr(KQ, 7 t) > 1GeV/e
x*(DOCA of K° and 7) <11

PT > 1GeV/c
X\Qfertex/ndf <10

DTF X2, o /ndf <15

2 (IP) <15
x2-distance D° vertex-PV > b

z(DT) — z(PV) > 10
M(DT) € [1770,2080] MeV/c?
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Figure 6.12: The invariant mass distributions of reconstructed DT candidates for the full data
set and all decay modes considered. The signal yield is obtained from a simple fit to the invariant
mass distribution with a Gaussian to described the signal peak and a linear background model.

PDG mass to improve the mass resolution of the D™ candidates. This also reduces
the effect of a worse momentum resolution of downstream-reconstructed K? candidates
compared to long-reconstructed K¢ candidates. Failing fits are rejected by a loose
cut on DTF X2, ../ndf. The invariant mass distributions are shown in Figure .
There is hardly any background contribution in D™ — K~ 77" and long-reconstructed
Dt — K%t mass distributions. The downstream-reconstructed DT — K% T decays
are less clean compared to the long-reconstructed.
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6.4. Summary: Event yields 89

Table 6.7: Approximate signal yields of the various decay channels after all selection cuts. A
simple fit is performed to obtain these yields.

2011 2012
Sample Up Down Up Down | Total
D° = =7t from B 90k 124k 283k 269k | 0.77M
DY— K-K* from B 263 k 360k 786 k 736 k 22M  AAcp
D°— K-K* from B 210k 295k 675k 629k | 1.8M  Agp(K~KT)
D~ K—zt from B 1.02M 143M 336M 3.14M | 89M
Prompt Dt — K—atzt 3.94M 5.63M 15.7M 14.9M | 40.2M
Prompt Dt — KOx+ 373k 539k 1.46M 1.36M | 3.7M LL K?
Prompt Dt — KO+ 0 0 1.28M 1.21M | 25M DD K?

6.4 Summary: Event yields

The analysis uses the full data set taken by LHCb in 2011 and 2012. This corresponds
to a total integrated luminosity of 3fb~!. An integrated luminosity of 1fb~! was
recorded in 2011 at a centre-of-mass energy of 7TeV, an integrated luminosity of 2fb~!
was recorded in 2012 at a centre-of-mass energy of 8 TeV. The trigger and off-line
selections discussed previously are applied to select semileptonic B decays where the
D° meson decays into K~ K*, 77t and K~ 7" pairs and prompt Dt — K—ntznt
and Dt — K97* decays. Selection cuts in the trigger and off-line are aligned between
different decay channels such that possible detection asymmetries are the same and,
hence, cancel in the difference of raw asymmetries.

The approximate signal yields divided into year and magnet polarity are given in
Table The number of signal candidates used in the analysis ranges from 0.767 x 106
DY — =7t decays to 40.1 x 105 DT — K—7tnt decays. The D?— K7 selection
is only run on 50 % of all recorded events due to limited computing resources of the
LHCb experiment. The Dt — K77t sample is reduced to 20 % at analysis level"|
to make the analysis faster. In both cases it is randomly but reproducible decided if
an event is kept or not. Two different yields are quoted for the D° — K~ K+ sample
as the Acp(K~ K1) measurement uses a tighter trigger line selection than the AAcp
measurement.

The yields of 2012 are more than a factor two higher as the production cross section
increases with the centre-of-mass energy and the trigger selection is more efficient
in 2012, especially for the prompt DT decays. The relative yields of D - K~ KT,
D° — =7t and D° — K7t are roughly consistent with the relative branching
fractions, cf. Chapter The DT — K%t yield compared to the DT — K~ ntznt
yield is significantly lower than what is expected from the ratio of branching fractions.
This is due to the low reconstruction efficiency of K° and K mesons.

The uncertainty on the measured raw asymmetries is, neglecting background contri-
butions, proportional to 1/,/Nsig. The statistically limiting factor of the AAcp analysis
are the number of D° — 7=+ candidates. The limiting factor of the Acp(K~K*) mea-
surement are the number of D? — K~ K™ candidates and as shown later in Chapter
the number long-reconstructed DT — KT candidates.

10due to limited patience of the author.
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CHAPTER 7

Measurement of raw asymmetries

The raw asymmetries of muon-tagged D° and prompt DT decays are obtained from
fits to the invariant mass distributions of reconstructed D° and Dt candidates. The
invariant mass distributions are shown in Figures [6.6] and respectively. The shapes
of signal and background contributions have to be modelled to extract the corresponding
signal yields. The fits are performed simultaneously in the samples of negatively- and
positively-tagged events to determine the raw asymmetries.

This chapter is structured as follows: First, possible background contributions are
systematically studied. Second, the raw asymmetries of each decay channel in bins of
the reconstructed D masses are discussed. Third, the fit models of the invariant mass
distributions are introduced. Fourth, the raw asymmetries of muon-tagged D° and
prompt D decays are measured separately for each magnet polarity and year. The
last part of the chapter additionally illustrates that raw asymmetries depend on the
kinematics of the particles involved in the decays of ¢ and b hadrons.

7.1 Background contributions to semileptonic B decays

The observed asymmetry of a class of events depends on its physics context. Background
events typically have different sources of detection and production asymmetries than
the signal decays. In order to develop a fit model to extract raw asymmetries from the
invariant mass distributions, possible background contributions are studied.

The contributions from combinatorial background are generally small in the decay
channels considered in this analysis, especially in the muon-tagged D° — K~7T and
prompt DT samples, see Figures and As these decay modes are Cabibbo-
favoured, any physical background is relatively suppressed and background contributions
below the signal peak have a small impact on the asymmetry determination. Conse-
quently, the following discussion focuses on physical background contributions to the
muon-tagged D° — K~ K+ and D°— 7~ 7" samples.

The expected rate of different background sources can be estimated by looking at
observed branching fractions of b- and c-hadron decays in the PDG [16]. If a background
category is expected to contribute significantly, the reconstructed mass distribution is
studied with fully simulated eventsE] The background contributions are divided into
two categories: The first category are background events from correctly reconstructed
two-body D° decays where the D® mesons do not originate from semileptonic B decays.

!Unfortunately, not for all decays a simulated sample was available at the time of this work.
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92 7. Measurement of raw asymmetries

An example are prompt D° decays combined with a random muon candidate in the
event. A further possibility is the case that the other b hadron decay involves a muon.
These peaking backgrounds are hard to distinguish from signal decays as the numbers
of signal decays is determined from the D° mass distribution. However, the muon
charge might give wrong flavour tags in these cases. This background source and the
measurement of the mistag probability is discussed in more detail in Chapter The
second category are candidates where no real signal DY decay is reconstructed. The
following physical backgrounds are discussed within this section:

e Reflection background from two-body D° decays where the final state particles
are misidentified and wrong mass hypotheses are assigned to them.

e Multi-body D decays from three- and more-body D decays. The D meson is either
originating from the primary interaction or more likely from a B decay. These
candidates do not have a sharp peak in the reconstructed mass due to at least
one missed particle. The partially-reconstructed D mass might fall into the mass
range chosen in the analysis.

e Multi-body B decays from four- and more-body B decays. The decay products of
the B meson originate from the same vertex unlike the multibody D decays where
two displaced vertices are present in the event. Examples are B — JA)m* X and
B — Jhp K*X decays where one of the muons is used as the tagging muon and
the other used in the DY reconstruction, see also Chapter

o Ay = Acp” v, X decays where the decay products of A. decays are used to
reconstruct D° candidates and muons from semileptonic A; decays are used to
tag the fake D° candidates.

7.1.1 Reflection background

Reflection backgrounds arise due to assignments of wrong mass hypotheses when particles
are falsely identified. The dominant reflection source of reconstructed D° — K~ K+ and
DY — 7=7F decays are Cabibbo-favoured D° — K~ 7t decays. The misidentification
probability of kaons as pions is on the per cent level in the relevant momentum range
and for the selection cut applied, see Figure and Table The D° - K—nt
branching fraction is (3.88 & 0.05) %, whereas the branching fraction of D° — K~ K+
is and DY — 77" decays is (0.396 4 0.008) % and (0.1401 & 0.0027)%, respectively.
Thus, a significant amount of true D° — K~ 71 decays will pass the DY — K~K™T and
D® — 7~ nt selection.

The shape of this type of reflection is seen in Figure A sample of simulated
D® — K~rt events where the D originated from a B meson is reconstructed with all
three mass hypotheses. The particle identification cuts used in the selection are applied
for the given mass hypothesis. The reflection of D° — K~7+ decays in the reconstructed
D® — 77T sample is to the left of the signal peak and for D? — K~ K decays to the
right of the peak. In both cases there is only a very small leakage into the signal region.
Here and in the distributions obtained in data, see Figure the amount of reflection
background is higher for D° — 77T candidates than for D° - K~K7 candidates.
Additionally, the mass resolution of D? — 7~ 7t decays is worse compared to the mass
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Figure 7.1: The invariant D° mass distributions of reconstructed D* — K7+, D’ — K- K+
and D% — 7~ 7T candidates using simulated B — D°u~X, D° — K7t decays. The re-
constructed D candidates are associated to simulated D° — K~z decays. The number of
D — K~ candidates per bin is scaled by 1/250.

resolution of D?— K~ K™ decays as the momentum uncertainty has a larger effect due
to a higher Q value. Hence, the reflection background in reconstructed D — 7= 7+
decays is taken into account in the fit model. The mass fit range of D° — K~K™T
candidates is restricted to be smaller than 1920 MeV/c? and no reflection background is
considered in the fit to the invariant mass distribution.

7.1.2 Multi-body B decays

The trigger selection is optimised to reconstruct inclusively all possible b-hadron decays.
The off-line selection then tries to discriminate B — D~ X decays from other multi-
body B decays. The distinct signature is a displaced muon and two displaced vertices
in the event. However, there is only a loose requirement that the D% decay vertex is
separated from the D%y~ vertex by requiring that the reconstructed D decay time is
larger than zero, cf. Chapter [6.3.3

Hadronic three-body B decays like the decay BT — D%t where the pion is
misidentified as a muon are rejected by requiring that the reconstructed B mass is
smaller than 5GeV/c?. The mass of a fully reconstructed B decay is larger than this
threshold even when wrong mass hypotheses are assigned to the decay products.

As shown before in Chapter the selection is susceptible to B — JApntX or
B — Jhp K*X decays. This is expected from the measured branching fractions. The
B decays involving a J/t) meson with the largest branching fraction are BT — Jay KT
and BY — Jip K7~ decays, the branching fractions are (1.016 + 0.033) x 103 and
(1.2 £0.6) x 1073, respectively. The J/ip — p*p~ branching fraction is (5.93 £ 0.06) %.
Therefore, u*p~X final states have a relative abundance of more than (0.6 x 107%)
which is comparable to the relative abundance of D® — K~ K+ and DY — 7~ 7" decays
originating from a semileptonic B decayﬂ A significant contribution to the background

2As a reminder, the semileptonic branching fraction is roughly 10 %, the branching fraction of
D° - K~ K7 decays is (3.96 = 0.08)x10™® and the branching fraction of D°® — 777" decays is
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Figure 7.2: The invariant (a) B and (b) D® mass distribution of reconstructed D — 7= n
candidates in a simulated B — J/t) X sample. (c) The reconstructed D° decay time. The
distribution obtained in data is overlaid as reference.

is expected and also observed from this class of B decays. In such a background event
one muon from the J/i) decay is used to tag the decay. The oppositely charged muon is
combined with another B decay product to form a fake D candidate.

The invariant DY mass distribution of this type of events is studied with a a sample
of simulated B — J/i X decays. The simulated events are reconstructed with the
selection of muon-tagged D° — 7~ 7 decays. The invariant B mass and D° mass
distributions are shown in Figure with and without the J/i) veto, cf. Chapter m
As in many cases at least one particle is not reconstructed, the reconstructed D%;~ mass
is below 5GeV/c?. Fully reconstructed decays like Bt — J/i) KT have already been
rejected by the selection as explained above. A peaking structure above the J/i) mass
threshold is seen in the D%y~ mass distribution without the J/) veto. This peak has
been observed in data but is not visible in the distributions in Figure as the J/ib veto
has already been applied. As seen in Figure the distribution of the reconstructed

(1.402 4 0.026) x 1073.
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DY mass is flat with and without the J/) veto. In Figure it is shown that this
type of background has low reconstructed D? decay times. Therefore, about half of the
remaining background contribution is rejected by requiring a decay time larger than
Zero.

Multi-body hadronic B decays involving D° or Dt mesons are a subset of the
peaking backgrounds covered in Chapter [L0] and the multi-body D decays discussed in
the next section. Charmless hadronic B decays are Cabibbo-suppressed and disfavoured
by the selection as there is no muon in the final state. They likely contribute to the
combinatorial background.

7.1.3 Multi-body D decays

Prompt D decays are effectively rejected by the trigger and off-line selection which
requires all reconstructed final state particles to be displaced from the primary vertex.
Additionally, the cut on the invariant B mass is a discriminator against prompt decays
like D* resonances with a mass smaller than 2.5 GeV/c? which decay into D mesons and
one or more light hadrons. Consequently, if a pion from the D* decay is misidentified
as a muon, the fake B candidate is rejected due to the invariant mass cut. However, it
is possible to combine a real prompt D° meson with a random muon candidate or a
true muon from the other c-hadron decay in the event. In the latter case the tag due to
the muon charge is correct and the event is accepted as a signal candidate.

The rejection of prompt D° decays is tested with a sample of one million simulated
D* — DYt decays where the DY decays to 7~ 7. The muon-tagged D° candidate is
reconstructed with the full trigger and off-line selection. The simulated D* originates
either from a c¢ or bb pair according to the measured relative production cross sections.
In the end 181 reconstructed D° candidates are associated to simulated D° — 7~ 7+
decays. It is found that all candidates come from simulated B decays. Thus, it is
assumed that most of the reconstructed DY candidates originate from B decays, even if
the D mesons are not fully reconstructed.

The only two-body decays with exactly two charged particles in the final state
are the decays D' - K~K*, D — 77T, DY - K7t and D°— K*7~. All other
reconstructed c hadrons are partially reconstructed. Possible background sources are
listed in the following:

e Neutral D decays: The most likely backgrounds are

— DY — K—7t X decays.
— DY — K~ K*X decays.
— D% 5 7= 7t X decays.

In most cases X is a 7% meson. The branching ratio of D° — 77 7% decays,

(1.43 + 0.06) %, is about ten times higher than for D® — 7~ 7" decays. The
branching ratio of D® — K~ K*7% decays, (0.328 £ 0.14) %), is similar to that of
DY — K~ K7 decays. Consequently, this background source is expected mainly in
the reconstructed D° — 7~ 7+ sample. In both reconstructed decay modes the
invariant mass is shifted away from the signal peak due the missing 7° meson. The
very small hump on the left side of the D® — K~ K+ mass range in Figure
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Figure 7.3: (a) The invariant K~ KT mass distribution of reconstructed D° — K~ K™ can-
didates obtained from simulated B — D*u~X, DT — K~nt 7t events. The D° candidates
are associated to true DT decays. (b) The invariant K~ K mass distribution of reconstructed
DY — K~ K candidates obtained from simulated BY — D uX, Df — K~ K*+7n+t decays. The
DY candidates are associated to true D} decays.

is likely coming from this type of background. For D° — 7~ 7% candidates it
appears below the reflection peak. Therefore, the mass range of reconstructed
DY — K~K* decays is restricted to values larger than 1810 MeV/c?.

The branching fraction of D® — K~n 70 decays is large, (13.94-0.5) %. It cannot
leak into the D° — 7~ 7t mass range due to the missing mass. But if a pion is
misidentified as a kaon candidate, the wrong mass hypothesis is assigned to the
kaon candidate. As this increases the reconstructed mass by roughly 400 MeV/c?,
misreconstructed events will appear in the DY — K~ KT mass range. The shape
of the reconstructed DY — K~ K™ mass distribution is expected to be similar to
that of a misreconstructed three-body DT — K~ 77T decay which is shown in
Figure The shape of the distribution does not peak anywhere in the mass
range and can be modelled with an exponential function or a polynomial.

e D1 decays: The majority of this background type comes from:

— Dt = K- ntx®, I;/T = (9.13 £ 0.19) %. This is a possible background
source in the D° — K~ K7 sample when one of the pions is misidentified
as a kaon candidate. The shape of the invariant K~ K+ mass distribution
is shown in Figure The same statement as for DY — K~ 770 decays
holds.

— Dt - K~ Ktnt, T;/T = (0.954 4 0.026) %. If this decay is reconstructed as
a D — 7~ 7t decay, the reconstructed DY mass is at least 500 MeV/c? away
from the real DY mass. Reconstructed as a D? — K~ K decay, the tails of
the distribution might be visible at the lower edge of the mass window.

— Dt = n -t decays, [;/T = (0.318 4+ 0.018) %, are a possible background
source in the D° — 7~ 7+ sample. Only the lower edge of the mass window
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can be affected due to the missing mass.

. Dj‘ decays: This type of background is similar to that of misreconstructed DT
decays. The main contributions come from:

— Df - KtK 7t decays, I';/T = (5.49+0.27) %, are a source of background
in the D°— K~ K™* sample. The higher D} mass partially compensates the
missing particle. In Figure [7.3D]it can be seen that this affects the low end
of the mass spectrum.

— Df - 7#ta 7" decays, I';/T = (1.10 + 0.06) %, are a source of background
in the D° — 7= 7% sample. Due to the higher D mass, this background
might appear in the lower mass range similar to the previous one.

e Semileptonic D decays: Most likely background sources come from:

— D% — K~ uty, decays, I';/T = (3.3 £0.13) %.
— DY — n=uty, decays, T;/T = (0.237 & 0.024) %.
— DT — K~ 7ty decays with | = p, e, I';/T ~ 7.8%.

While the branching ratio is higher for the first decay, the probability to identify
a muon as a kaon is smaller than to identify it as a pion. Therefore, the first
two decays are expected to contribute each to reconstructed D° — K~K7 and
DY — 7=t decays. The latter decay can only be a potential background in
the D° — K~ K* sample. These background sources are not expected to peak
anywhere because two particles are not reconstructed and one wrong mass is
assigned.

714 Ay— A.p” U, X decays

The semileptonic decay of a A baryon, A, =+ A.pu~ v,X, has a similar signature as
a semileptonic B decay. The trigger and off-line criteria also select this decay. The
A decay with the highest branching fraction, I';/T = (5.0 + 1.3)%, is A, — pK 7t.
When reconstructing this decay as a D° — h~h* decay, always one particle is missed
and one particle is assigned a wrong mass hypothesis. In the D? — K~ K sample this
background appears as the difference of m,, ~ 2.29 GeV/c? and mpo ~ 1.87 GeV/c? is
similar to the wrong mass hypothesis when a proton is misidentified as a kaon. This
decay is not a background source for D° — 77t candidates as the reconstructed
invariant mass is always outside of the mass range. The D°— K~ KT mass distribution
of this type of background can be seen in Figure [7.4l The distribution has the shape of
a first order polynomial or an exponential function and it affects the whole mass range.

7.1.5 Conclusion

The previous discussion shows that none of the physical multi-body backgrounds, which
significantly contribute, shows a peaking structure inside the signal region. The shapes
are similar to what is expected from a purely combinatorial background. The only
physical background in the mass range which has does not follow this shape is the
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Figure 7.4: The invariant D° mass distribution of reconstructed D® — K~ K7 candidates in a
simulated Ay, — A.uX, A, — pK~ 7t sample is shown. The DY candidates are associated to
true A. decays.

reflection background. The background models used in the fit to the invariant mass
distributions are explained in Chapter [7.3

7.2 Dependence of raw asymmetries versus reconstructed
mass

The raw asymmetries are extracted from simultaneous fits to the invariant mass distri-
butions of positively- and negatively-tagged events. In this section the raw asymmetry
is studied as a function of the reconstructed mass to develop fit models. In order to
analyse reconstruction effects, this is done separately for each decay channel, both data
taking periods and the two magnet polarities.

The raw asymmetry in bins of the reconstructed D° mass is shown in Figures and
for D - K~ K% and DY — 7~ 7T candidates, respectively. The raw asymmetry per
bin is calculated by counting the number of candidates per tag. The raw asymmetries
per bin in the magnet up and the magnet down samples are averaged arithmetically to
cancel asymmetries induced by a left-right asymmetric LHCb detector.

First of all, no asymmetries larger than 3 % are present. This justifies the assumption
of small asymmetries which is used in Chapter [f] to develop the analysis strategy of
measuring AAcp. There is a difference between the two polarities in both channels,
especially in the background region. The up—down asymmetry is less pronounced in
2012. In general the raw asymmetry is quite flat over the whole mass range. There
might be a small trend in the background asymmetry when going from small to large
reconstructed masses. This is reflected in the fit model discussed in the next section by
using independent functions for each tag with different slope parameters to describe the
background contributions.

The raw asymmetry of D’ — K7t candidates is shown in Figure The sample
has only a very small background contribution. Even the regions left and right of the
peak are likely dominated by the tails of the signal peak. The signal peak has a larger
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Figure 7.5: The raw asymmetry in bins of the K~ KT invariant mass for (a) 2011 and (b) 2012
data. The asymmetry is calculated by counting the numbers of D° — K~ K™ candidates per
tag in each bin. The black distributions are the arithmetic mean of the raw symmetries per bin
in the magnet up and down samples.
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Figure 7.6: The raw asymmetry in bins of the 7~ 7" invariant mass for (a) 2011 and (b) 2012
data. The asymmetry is calculated by counting the numbers of D° — 7~ 7t candidates per
tag in each bin increase range. The black distributions are the arithmetic mean of the raw
symmetries per bin in the magnet up and down samples.
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Figure 7.7: The raw asymmetry in bins of the K Tn* invariant mass for (a) 2011 and (b) 2012
data. The asymmetry is calculated by counting the numbers of D° — K~ 7" candidates per tag
in each bin. The black distributions are the arithmetic mean of the raw symmetries per bin in
the magnet up and down samples.

tail to the left. The tail is a consequence of final state radiation which leads to a smaller
reconstructed mass. The asymmetry is larger in the signal region because of the kaon
detection asymmetry which does not necessarily affect the combinatorial background.
There is a small downward trend in the signal region. This is due to small differences
(< 0.01 MeV/c?) of the reconstructed masses of K -7t and K7~ combinations which
separates slightly the two signal peaks. This shift induces a raw asymmetry in a specific
mass bin. The effect is more pronounced in the prompt DT decay modes. It cannot
appear in decays to CP eigenstates as the final state of D? and DU is exactly the same.

The raw asymmetries per mass bin are shown for D* — K~ntnt and Dt — K7™
candidates in Figure and respectively.  Only the long-reconstructed D+ —
K9t sample is considered as the downstream-reconstructed sample is not used in
the Acp(K~ K™) measurement. The raw asymmetries shown here do not exceed 3 %.
Hence, the assumption of small asymmetries is also valid for the prompt modes which
is important for the Acp(K~ K) measurement. There, the raw asymmetries of the
two prompt decay modes are used to correct A, (K~ 7t) for Ap(K~ 7). In both
figures a clear pattern is visible in the signal region. The pattern arises due to a
small shift in the invariant mass distribution between D' and D~ candidates. The
shift is induced by different biases in the measured momentum of positive and charged
particles. The reasons are misalignments of the tracking detectors and a slightly wrong
magnetic field map. Therefore, the momentum measurement has to be calibrated to
make precise mass measurements as discussed in Chapter [6.3.2] Unfortunately, the
applied calibration is less precise than needed here. The fit models of the invariant
mass distributions account for this effect by using different mean masses for positively-
and negatively-tagged samples when fitting non-CP eigenstates. This shift is more
pronounced in the D* decay modes than in D° — K ~nT decays as the final state has a
net charge. In D°— K ~nT decays this effect can only appear due to different momenta
of KT and 7% candidates.
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Figure 7.9: The raw asymmetry in bins of the K{7* invariant mass for (a) 2011 and (b) 2012
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in each bin. The black distributions are the arithmetic mean of the raw symmetries per bin in
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7.3 Extracting raw asymmetries and fit model

The raw asymmetries are determined by extended maximum-likelihood fits to the
binned D° and DT mass distributions. The same probability density function (PDF)
with different parameters is used for all decay modes. The PDF has two dimensions:
the reconstructed D° mass and the muon charge for muon-tagged D decays or the
reconstructed D¥ mass and the charge of the candidate for the prompt Dt decay modes.
The fit is performed simultaneously in both tags. The advantage of one simultaneous
PDF instead of a separate PDF for each tag is that the raw asymmetry is a parameter
of the fit. Additionally, signal parameters can be easily shared between the two samples
— for example for D’ — K~K7T and D°— 7~ 7T candidates the signal shape does not
depend on the tag and, therefore, can be chosen to be the same. In order to not use two
different notations for D and Dt decay modes here, the notation follows the charge of
the muon candidate. The explicit asymmetries for all channels are given later.

The PDF has two components, the signal part and the background part. The
background has two components, the combinatorial background and the reflection
background. The reflection part is only used in the the fit of the D° — 7~ 7+ sample.
The total PDF of positively- and negatively-tagged events is then given by

PDF. = Ng, PDF, + Ny, PDF, + N PDF;

sig sig ref ref

(7.1)

+ + +
where Nsig, kag and N

reflection background contributions, respectively. PDFig, PDkag and PDF]?[ef are the

PDFs of each component. They are defined in the following.
The individual signal yields for each tag, N;Eg’ are parameterised as follows:

are the yields of the signal, combinatorial background and

Nt = Naig F Araw)

* = : , (7.2)

where the two fit parameters are Ngg, the total yield of reconstructed signal events,
and Apaw, the measured raw asymmetry. The signal shape is described by a sum of a
Crystal-Ball function (CB) and a Gaussian. The Crystal-Ball function is an empirical
description of a mass distribution with a Gaussian core and an asymmetric tail on one
side due to final state radiation [75]. It is defined as

_(m—p? -
1 e 207, for "= > —a
CB(m; p,0,a,n) = N n e
CB (l%) e 2 (2—a—-"E) for TR < —a
(7.3)

where N¢p is a normalisation factor{ﬂ i and o are the parameters of the Gaussian core,
« and n describe the asymmetric tail. The signal PDF is the following:

PDFSig,f = flCB(m;/L,O'l, Oé,’fl) + (1 - fl)Gauss(m; M, 501) )

7.4
PDFgg + = iCB(m; 4+ Ap, spo1,a,n) + (1 — f1)Gauss(m; p + Ap, spso1) (7.4)

where PDFg, 4 is the PDF of positively-tagged events and PDFg;, _ of negatively-tagged
events, fi is the fraction of the Crystal-Ball function, ;1 the mean of the signal peak, o1

3A proper normalisation of all PDF components is implied.
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the width of the Crystal-Ball, « and n are the tail parameters. The Gaussian has the
same mean value p as the Crystal-Ball function but the width is given by so;. The
fraction is defined by (1 — f1). The shift between the mean mass of D and D candidates
described in the previous section is reflected by the parameter Ap. Additionally, the
resolution of one category can be scaled by the factor s, to accommodate for potential
resolution differences of tracks of positive and negative particles. In the decay channels
D°— KKt and D°— 7= 7t Ap and s, are fixed to 0 and 1, respectively.
The background yields, Nsig, are parameterised similarly as the signal yields:

Nikg(1 F Apkg)
Nijg = — 55— (7.5)

where Ny, is the total yield of reconstructed background events and Ay, the measured
asymmetry of the background events. The combinatorial background shape is described
by an exponential function:

1
PDFbkg,-‘r = ka 6704-{» m ,

1g,+ (7.6)
PDFyi - = - —¢ " .

g,—

where a4 and a_ are the slope parameters of positively- and negatively-tagged events.
The D° — 7~ 7% sample is fitted in the range [1795,1940] MeV/c2. The reflection
contribution, Nif, from D°— K~nt events at the lower boundary is modelled with a
single Gaussian with the same shape parameters, pyef and oy, for both tags and an

additional asymmetry parameter, A,ef:

PDFref,— = Gauss(m; HMref, Uref) )

PDFref,+ = Gauss(m; HMref, Uref) ) (77)
Nj: o ]Vref(1 + Aref)
ref 9

For the D° — K~ K™ decay mode, the mass range is restricted to [1810, 1920] MeV/c?
in the fit. Hence, the contamination of mis- and partially-reconstructed decays is

negligible. The fit ranges of all other decay modes are the same as for the fit to the
D’ — K~ K% sample.
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7.3.1 Example fits

The fits are performed independently for each decay channel, magnet polarity and year
of data taking. Furthermore, the raw asymmetries are determined in several subsets of
the data samples later. Therefore, here only one representative fit of each decay channel
is discussed in detail. The measured raw asymmetries of each decay mode for every
sample are discussed later in Chapter [7.4]

The examples are taken from the raw asymmetry fits to the 2012 magnet up
samples. Later, a complete list of fit projections and results of the final CP asymmetry
determination is found in Chapter The fit to the invariant mass distribution of the
D® - K~ K sample is discussed in detail in the following. For the other modes the
important points are mentioned.

732 D°— K K+t

The raw asymmetry of the D — K~ K+ decay mode is defined as

Nsig(KiKJruMi) B Nsig(K7K+nu+)
Nsig(K_K+au_)+Nsig(K_K+7N+) '

Araw(K_K+) = (7'8)

where p™ and p~ indicate the tag. The raw asymmetry is obtained from a fit to the
invariant mass distribution in the range [1810,1920] MeV/c?. Figure shows the
results of the fit to the 2012 magnet up sample, split into positively- and negatively-
tagged events. The AAcp trigger line selection is used, cf. Chapter [6.2.4 The figures
indicate the fitted yield for each tag as well as the fitted signal asymmetry. The quality
of the fit can be judged by the pull distribution. The pull in each mass bin is defined as
pull, = L= PDE (7.9)
o
where x; is the number of entries in bin 4, o; the statistical uncertainty of this bin and
PDF; the value of the PDF at the centre of bin ¢. The distribution is given in the lower
part of each figure. A measure of the goodness of a binned maximum-likelihood fit is

1 Nbins
x? /ndf = T Z pull? | (7.10)
i=1

where Npips is the number of bins. The number of degrees of freedom (ndf) is given by
the number of bins minus the number of non-constrained fit parameters. As each mass
distribution has 100 bins per tag, Npins is 200. The number of floating fit parameters is
between 10 and 14 depending on the decay channel. The y?/ndf of the simultaneous fit
in both tag categories is given in the figure of the positive tag. The third figure shows
the asymmetry per mass bin overlaid with the projected asymmetry per bin of the
fitted PDF. The x? of the fit projection is calculated from the observed asymmetry per
mass bin and the fit projection. The number of degrees of freedom of the asymmetry is
given by 100 minus the number of fit parameters plus 1 as the total yield is not a degree
of freedom of the asymmetry projection. Assuming a x? distribution, the observed y?
and the numbers of degrees of freedom correspond to a probability that the selected
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model describes the data. The probability is given by P(x?,ndf) which is also called
p-value.

The x?/ndf of the fit shown in Figure is 1.07 which corresponds to a p-value
of 0.25. The fit to the D° — K~ K+ mass distribution has ten free fit parameters. A
mismodelling of the mass distribution has a small effect on the asymmetry determination
as a scaling factor which is common to the yields of both tagging categories cancels in
the asymmetry determination. Thus, the asymmetry projection has a larger p-value,
0.54. It is more apparent when looking at the Cabibbo-favoured modes.

The fit results of each parameter and their correlation with the fitted raw asym-
metry Ay, are given in Table [7.2] The raw asymmetry is determined to be
Araw = (—0.449 £ 0.12) %. The background asymmetry Apy, is (—0.671 £ 0.19) %. The
fitted mean value of the mass u = (1864.8806 4 0.0087) MeV/c? is close to the PDG
value (mppg = (1864.86 + 0.13) MeV/c? [16]), the averaged width of the signal peak,
Oay = 014/ f1 + (1 — f1)s2, is about 6.8 MeV/c?. The tail parameters of the Crystal-Ball
function, o and n, are constrained in the fits to improve the fit stability. Their choice
is motivated by a proper description of the asymmetric tail. The values of a and n
are given in Table The two decay constants of the background PDF, a4 and a_,
are consistent with each other. Therefore, the background contribution has the same
asymmetry over the whole mass range.

The fitted signal asymmetry is uncorrelated to the shape parameters of the signal
which are 41, o1 and s. The largest correlation coefficient is that of Ayay and Apye with a
value (—0.247). The only other significant correlations of A,y are the shape parameters
of the combinatorial background distribution, at the low per cent level.
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Figure 7.10: Invariant mass distributions of (a) u~-tagged and (b) pu*-tagged D°— K~ K™
candidates. (c¢) The raw asymmetry as function of the invariant mass. The projection from the
fit is overlaid. The 2012 magnet up sample is used.

Table 7.2: The fit parameters and correlation coefficients with A, corresponding to Fig-

ure @

Parameter Fit result Correlation with A,
Araw (%] —0.449 +0.12 1.00
Apkg [%] —0.671£0.19 —0.247
w [MeV/c? | 1864.8806 + 0.0087 —0.001
o1 [MeV/c? | 5.491 £ 0.030 0.00
a4 [(100 MeV/c?) 1 —0.58039 % 0.0072 0.03
a_ [(100MeV/c?)™']  —0.57816 + 0.0073 —0.031
fi 0.670 4+ 0.014 —0.000
Npkg 408850 + 939 0.00
Naig 793904 + 1126 —0.002
s 1.631 +0.014 —0.002
Ap [MeV/c? | 0.0 -

« 2.70 -

n 1.50 -

5p 1.00 -
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733 D°—> g nwt

The raw asymmetry of the D° — 7~ 7T decay mode is defined as

A (7r77r+) _ Nsig(7T+7T_>/j’_) — NSig(F+7T_7H+) (7 11)
raw Nsig(7T+7777 ,U,f) + Nsig(ﬂ-Jrﬂ-ia M+) ) .

Figure shows the fitted mass distributions of D° — 7~ 7t candidates of the
2012 magnet up sample. The fit range is [1795,1940] MeV/c?. Each mass distribution
has 100 bins per tag. The fit to the D° — 7~ 7t mass distribution has 14 free fit
parameters. Three parameters are needed to model the reflection background. Similarly
to the DY — K~ KT fit, the tail parameters of the Crystal-Ball function, o and n, are
constrained to improve the fit stability. The invariant mass distribution is well described
by the chosen model. The x?/ndf of the shown mass fit is 0.94 which corresponds to a
p-value of 0.71. The p-value of the asymmetry projection is 0.78.

Table [7.4] shows the fit results of each parameter and their correlation with the
fitted signal asymmetry. As in the D? — K~ K sample, the fitted mean value of the
mass p1 = 1864.664 4 0.022 MeV/c? is close to the PDG value, the averaged width of the
signal peak, o1+/f1 + (1 — f1)s2, is around 8.7 MeV/c?. The mass resolution is worse
compared to D? — K~ K* candidates because the Q value of the decay is larger. Thus,
the momentum uncertainty of the decay products contributes more to the invariant
mass measurement. The two decay constants of the background model are consistent
with each other at the 2o level.

As for the D° — K~ K™ sample, the fitted signal asymmetry is not correlated
to the shape parameters of the signal. The correlations of Apay with Ay, and Ay
are (—0.349) and (40.16), respectively. The shape parameters of the combinatorial
background distribution, ay and a_, have a correlation with Ay, of (—0.076) and
(4+0.06), respectively.

108



7.3. Extracting raw asymmetries and fit model 109

T
N, = 144796 £ 593

1ok LHCb X An-02:023%

x/ndf =109

T
Nj, = 144172 £ 586

--Data

— Total
~ 186

8f ----Signal ] 8 P(y2ndf) = 0.71
[ Comb. bkg. P
6 | DY &S 7] 6

Candidates / ( 1.45 MeV/c?)
Candidates / ( 1.45 MeV/c?)

= 3 = 5
= =
& =
OL—M—JT’T’LW']IM OHMWW
1 S RS R I 8 Y NS B
1800 1850 1900 1800 1850 1900
M(m Tt*) [MeV/c?] M(Trt) [MeV/c?]
(a) p~-tagged (b) u*-tagged
ST T T T =
g gE ~-Data x/ndf =282 = 0.8 3
f py — Fit projection  p(y2ndf) = 0.78 E
I
Al
0|
5t 1 1
1800 1850 1900

M) [MeV/c?]
(¢) Asymmetry
Figure 7.11: Invariant mass distributions of (a) pu~-tagged and (b) u*-tagged D° — 7~ 7+

candidates. (c) The raw asymmetry as function of the invariant mass. The projection from the
fit is overlaid. The 2012 magnet up sample is used.

Table 7.4: The fit parameters and correlation coefficients with A, corresponding to Fig-

ure @

Parameter Fit result Correlation with A,
Avaw [%] —0.216 £ 0.23 1.00
Apkg [%] —0.507 £ 0.24 —0.349
Aver [70] —2.774+2.2 0.16
feet [MeV/c? ] 1792.8 + 1.1 0.01
p [MeV/e? ] 1864.664 + 0.022 [ MeV/c? | —0.001
o1 [MeV/c? | 6.425 +0.071 —0.005
Oref [MeV/c? ] 9.60 4 0.60 —0.012
ay [(100MeV/e?) '] —0.19144 + 0.0097 —0.076
a— [(100 MeV/c?) ! —0.21135 + 0.0094 0.06
fi 0.350 + 0.018 —0.008
fref 0.0477 4 0.0017 —0.016
Nokg 317985 + 1343 0.01
Naig 288969 + 978 —0.010
s 1.508 +0.017 —0.001
Ap [MeV/c? ] 0.00 -

« 1.50 -

n 2.00 -

Sp 1.00 -
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734 D°—> K—=nt

The third semileptonic mode is the D® — K ~nT decay channel. The raw asymmetry is
defined as

Ngig(K ™t or K™, ™) — Ngig (KT~ or K, ™)
Nsig(K_Tr+ or l"{"'ﬂ'_7 /,L_) + Nsig(K+7T_ or K—W+7N+) :

Ao (K™1") = (7.12)
The tag of a candidate is given exclusively by the charge of the muon candidate. The
Cabibbo-favoured D° — K~7t and the doubly Cabibbo-suppressed D° — K+7~ decays
are included in the pu~-tagged events. The charge-conjugate decays are tagged by a pu*
candidate. The raw asymmetry is obtained from a fit to the invariant mass distribution
in the range [1810,1920] MeV/c?. One tail parameter of the Crystal-Ball function is
constrained, similarly to the fits to invariant mass distributions of D° — K~ K7+ and
D®— 77T decays.

The fit results are given in Figure and Table The selected mass model
is obviously not sufficient to fully describe the mass distribution. The choice of the
fit model has been driven by the decision to have a simple and uniform model across
all decay channels. This simplifies the analysis procedure, especially when fitting in a
large number of sub-samples where event yields are low. In this case, clear patterns are
visible in the pull distributions. Additionally, the p-value of the mass fit is zero. The
pull distribution of the asymmetry projection is normal as the patterns are similar for
the positively- and negatively-tagged sample. The asymmetry projection has a p-value
of 0.2. The systematic uncertainties due to the fit model are discussed in Chapter
where different parameterisation of the background and the signal shape are tested.

The shift of the mean mass Ayp and the resolution scaling factor s, between the
DY and DY tagged events are floating parameters in the minimisation procedure as the
KTn* final state is no CP eigenstate. The results are Ay = (—0.0091 4 0.0090) MeV/c?
and s, = 0.9960 &= 0.0011. For some samples the fit favours a small shift in the mean
mass, e.g., in the fit to 2012 down sample Ay equals (0.0435 4 0.0093) MeV/c?, cf.
Table

As in the other modes, A;aw has the largest correlation with Apy,, (—0.225). Addi-
tionally, the resolution scaling factor s, is correlated to Ayay by (—0.124) as the scaling
directly affects the measured yields of negatively- and positively-tagged events. The
other correlations are small.
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Figure 7.12: Invariant mass distributions of (a) u~-tagged and (b) u*-tagged D° — K7+
candidates. (c¢) The raw asymmetry as function of the invariant mass. The projection from the
fit is overlaid. The 2012 magnet up sample is used.

Table 7.6: The fit parameters and correlation coefficients with A, corresponding to Fig-

ure @

Parameter Fit result Correlation with A,
Avaw [70)] —1.2678 + 0.056 1.00
Apkg [%] 0.07£0.35 —0.225
Ap [MeV/c? | —0.00910 £ 0.0090 0.01
« 2.2674 £ 0.0065 0.00
w [MeV/c? ] 1864.7058 4+ 0.0065 —0.007
o1 [MeV/c? | 6.547 +0.014 0.03
a4+ [(100 MeV/c2) 71] —0.5964 + 0.013 0.00
a_ [(100 MeV/c2)71] —0.5815 £ 0.013 —0.003
f 0.6944 + 0.0042 —0.003
Nokg 208491 4+ 1033 0.00
Niig 3420313 + 2069 —0.001
S 1.6682 £ 0.0045 —0.001
Sp 0.9960 £ 0.0011 —0.124
n 1.50 -
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112 7. Measurement of raw asymmetries

735 DT— K ntrnt
The sample with the highest event yield is the DT — K~ 7"7 " sample. The raw
asymmetry is defined as

Ngig(DT— K~ ntnt) — Ngg(D™ — KT~ 7n™)
NSlg(D+ — K_ﬂ——‘rﬂ——i_) + Nsig(D_ — K+7T_7T_>

Apaw (K~ 1T) = (7.13)
The fitted mass distributions of the 2012 magnet up sample are shown in Figure [7.13]
and the fit results are given in Table The fit range is [1810,1920] MeV/c?. Non
of the parameters is constrained in the minimisation procedure. From the residuals
it is obvious that the signal description is insufficient to describe the signal peak. As
the fitted asymmetry is largely uncorrelated to the signal parameters, the asymmetry
is still well described over the whole mass range. The p-value is only 0.06. Therefore,
it is important that different fit models are investigated in the systematic studies, c.f.
Section M[3.1.11

The background contributes only 4 % to the total event yield in the full mass range.
The fitted mean value of the mass, = (1869.388540.0028) MeV/c?, is close to the PDG
value of 1869.62 4+ 0.15 MeV/c? [16]. In this sample the mean mass shift Ay between D
and D~ candidates is not significant. This is rather a coincidence as in the other three
samples significant shifts of up to (0.1738 £ 0.0056) MeV/c? are observed, cf. Table
Additionally, the fit result suggests a significant resolution difference of DT and D~
candidates as the scaling of the width sp is fitted to 0.99392 + 0.00047. The two decay
constants of the background are consistent with each other.

Most parameters are largely uncorrelated to the fitted asymmetry. The asymmetry
of the background has a correlation of (—0.206) and the scaling of the width between
DT and D~ has a correlation of (—0.091) with the fitted signal asymmetry Apay-.
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Figure 7.13: Invariant mass distributions of reconstructed (a) D — K- wt7t and (b)
D™ — K*n~r~ candidates. (c) The raw asymmetry as function of the invariant mass. The
projection from the fit is overlaid. The 2012 magnet up sample is used.

Table 7.8: The fit parameters and correlation coefficients with A, corresponding to Fig-

ure @

Parameter Fit result Correlation with A,
Avaw [70)] ~1.9661 + 0.026 1.00
Apkg [%] —0.803 £ 0.21 —0.206
Ap [MeV/c? | —0.00073 £+ 0.0039 0.01
« 2.3249 + 0.0025 0.00
w [MeV/c? ] 1869.3885 + 0.0028 —0.004
o1 [MeV/c? | 6.0909 + 0.0059 0.02
a4+ [(100 MeV/c2) 71] —0.26843 4+ 0.0089 —0.014
a_ [(100 MeV/cQ)il] —0.27539 4+ 0.0089 0.01
f 0.6382 £+ 0.0020 0.00
Nokg 619107 4+ 2203 —0.000
Niig 16017599 + 4500 0.00
S 1.5908 £+ 0.0017 0.00
Sp 0.99392 4+ 0.00047 —0.091
n 0.90 -
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114 7. Measurement of raw asymmetries

7.3.6 Dt — K'r*
The raw asymmetry of the DT — K7t decay channel is defined as

Nsig(DT— K977) — Ngig (D™ — K%77)

Ao (K07 = —
(K7) Nag(D* — K07+ + Ngg(D~ — KO7-)

(7.14)

Figure and Table show the fit result of an asymmetry fit to the Dt — K97+
sample. The raw asymmetry is fitted in the mass range [1810, 1920] MeV/c?. Similarly to
the other Cabibbo-favoured modes, the D* — K%z (LL) sample has a high event yield
and a small background contribution. The rather simple mass model does not describe
well the mass distribution. In contrast, the raw asymmetry per mass bin is modelled.
The parameters constrained in the fit are the tail parameters of the Crystal-Ball function.
A proper description of the radiative tail on the left side of the signal peak motivates
their values. The estimated uncertainty on the raw asymmetry of the fit is not affected
by this constraint as A;,y is largely uncorrelated to the shape of the signal model. The
mass resolution is slightly worse compared to the DT — K~ 77" sample due to the

larger Q value of the decay. The correlation of A, with the background asymmetry is
(—0.257) and with s, (—0.165).
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Figure 7.14: Invariant mass distributions of reconstructed (a) D* — K°7F and (b) D~ —
K7~ candidates. (c) The raw asymmetry as function of the invariant mass. The projection

from the fit is overlaid. The 2012 magnet up sample is used.
Table 7.10: The fit parameters and correlation coefficients with A, corresponding to
Figure
Parameter Fit result Correlation with A,
Avaw [70)] —0.8407 + 0.088 1.00
Apkg [%] 0.71+0.38 —0.257
Ap [MeV/c? | 0.097 +0.014 —0.001
w [MeV/c? ] 1869.2538 4 0.0099 —0.000
o1 6.491 4+ 0.022 0.05
ay [(100MeV/e2) ™1 —0.2519 4 0.013 0.04
a_ [(100MeV/c?) ™| —0.2228 +0.012 —0.039
fi 0.6906 + 0.0069 0.00
Npkg 158108 + 762 —0.008
Nig 1477749 £+ 1379 0.00
s 1.7203 £ 0.0079 0.01
Sp 0.9931 £ 0.0017 —0.165
«a 2.50 -
n 1.50 -
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116 7. Measurement of raw asymmetries

7.4 Measured raw asymmetries of each channel

The raw asymmetries are determined for every channel following the prescription
introduced in the previous section. First, the measured raw asymmetries are given for
2011 and 2012, split up by magnet polarity. The averaging procedure to obtain the
final result of the whole data set is again shortly summarised as well as the explicit
definition of the raw asymmetry for each considered decay mode. Second, each individual
raw asymmetry is discussed in detail. The discussion includes measurements of the
dependence of the raw asymmetries on selected kinematic variables. The variables are p,
pT, n and ¢ of the D candidates and their reconstructed decay products. The purpose
of this study is to illustrate that there are variations which are induced by the kinematic
dependencies of detection and production asymmetries. Thus, a restricted selection
is sufficient hereE] Necessary corrections to extract the CP asymmetries AAcp and
Acp(K~K™) are discussed in the following chapters.

7.4.1 Summary: Raw asymmetries

The determination of the raw asymmetries is performed independently for both data
taking periods and the two magnet polarities. The combined raw asymmetry of the
magnet up and the magnet down sample is the arithmetic mean of both measurements:

Apaw (year)T + Apay (vear)

Aaw(year) = 5 (7.15)
The statistical uncertainty on the raw asymmetry for each year is given by
Oiar + Oy
Oyear = =5 - (7.16)

The statistical power of each year is not optimally used as the two 2011 data sets are not
equal in size. About 40% of the data were taken with up polarity and 60% with down
polarity. In 2012 the almost equal amounts of data were recorded with both polarities.
This approach averages out detection asymmetries which change sign when changing
the magnet polarity. However, the analysis is in principle designed to work on each
sample independently, cf. Chapter [5| The final result of the full data set corresponding
to an integrated luminosity of 3fb~! is the weighted mean of the 2011 and 2012 result:

1 1 1
Argw = T il < 5 AraW(Q()ll) + 2Araw(2012)> . (7.17)
03011 02012

2 2
92011 92012
with an uncertainty of

g = ﬁ . (7-18)

2 2
02011 93012

The weighted averages of the raw asymmetries, after corrections have been applied, are
used to extract the final results of Acp(K~K™) and AAcp. If raw asymmetries for the

4The full set of plots for the muon-tagged D° sample is given in Appendix For the prompt
D% samples they are found in Reference [5).
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7.4. Measured raw asymmetries of each channel 117

Table 7.11: The measured raw asymmetry (in %) for different decay channels, magnet polarities
and years. The result for a year is the arithmetic mean of the two magnet polarities. The
201142012 are the weighted averages of the values obtained in 2011 and 2012. If needed, the
trigger line selection of the AAgp or the Acp(K~ K™T) measurement is denoted.

2011 Magnet up Magnet down Mean
Avaw (K~ K1) (a4cp) —0.365 £ 0.217 —0.374 +0.186 —0.369 +0.143
Araw(7r77r+) —1.167 +0.399 —0.373 £ 0.341 —0.770 £ 0.262
Avaw (K~ K1) (Acp(x—K+)) —0.245 £+ 0.242 —0.463 £+ 0.207 —0.354 +£0.159
Apaw (K~7F) —1.704 £ 0.103 —1.6375£0.0877 —1.6706 £ 0.0675
Avaw (K7t 1) —2.1955 £ 0.0515 —1.5518 £0.0436 —1.8737 +0.0337
Avaw (K7T) —0.827 £0.172 —0.687 +0.145 —0.757+£0.113
2012 Magnet up Magnet down Mean
Avaw (K~ K1) (aacp) —0.449 £0.125 —0.360 4+ 0.129 —0.4044 + 0.0897
Avaw (m™ ™) —0.216 £+ 0.229 —0.791 £ 0.235 —0.503 £ 0.164
Avaw (K~ K1) (Acp(x—K+)) —0.5154+0.134 —0.389 +0.138 —0.4520 £ 0.0964
Avaw (K1) —1.2678 +£ 0.0565 —1.6614 + 0.0583 —1.4646 + 0.0406
Ao (K=t T) —1.9661 £+ 0.0258 —1.6233 +0.0265 —1.7947 + 0.0185
Araw (K07) —0.8407 £0.0876  —0.9640 + 0.0906 —0.9024 + 0.0630
201142012 Magnet up Magnet down Mean
Avraw (K~ K1) (aacp) —0.428 +0.108 —0.364 + 0.106 —0.3945 + 0.0760
raw (M) —0.451 £ 0.198 —0.657 £ 0.193 —0.578 £0.139
raw (K~ KT )(Acp(x~K+)) —0.452 £0.117 —0.412 £ 0.115 —0.4258 £+ 0.0825

—1.3692 £ 0.0495
—2.0123 £ 0.0231
—0.8379 £ 0.0781

—1.6541 £ 0.0485
—1.6039 £ 0.0227
—0.8865 £ 0.0769

—1.5193 £ 0.0348
—1.8130 £ 0.0162
—0.8677 £ 0.0550

combined 2011 and 2012 magnet up or magnet down samples are quoted, they are the
weighted mean of the results obtained in each year for the given polarity.
The definition of all raw asymmetries is explicitly given as a summary:

. Nyg(K~K*,117) = Nyg(K~K*+, i)
A (K~KT) = 58 ’ = d 7.19
raw( ) N31g(K K+7M )+Nsig(K_K+nu+) 7 ( )
_ Ngig(mtn~, 107) — Ngig(m ™, u™)
A (™7 T) = S8 S8 ’ 7.20
aw( ) N51g(7r )+Nsig(77 7T aMJr) ( )
A () Ngig (K~ orK+7r ) — Neig(KTn~or Ko, ™) (7.21)
W T = 5 .
e Niig (K 7T+OI‘K+7T 07 ) + Nig (Kt~ or K=t pt)
Ngig(Dt— K~ ntnt) — Ngg(D™— Kt~ 77)
A (K-—mtat) — sig 7.22
raw (K Nag(D¥— K- mtat) + Ngg (D~ = Ktrm) (7.22)
— Ngo (Dt — KO7) — Ngio (D~ — K%
Araw(K077%) = Ns‘g( - 0”+) sis q 2 (7.23)
sig(DY— KO71+) + Ngjp (D~ — K%77)

All measured raw asymmetries are shown in Table A discussion of the individual
asymmetries follows in the next section.
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118 7. Measurement of raw asymmetries

Table 7.12: The measured raw asymmetries (in %) for the D" — K~ 77" decay channel.

Magnet up Magnet down Mean
2011 —2.1955 +£0.0515 —1.5518 £0.0436 —1.8737 £+ 0.0337
2012 —1.9661 +0.0258 —1.6233 £0.0265 —1.7947 +0.0185
201142012 | —2.0123 £0.0231 —1.6039 +0.0227 —1.8130 £ 0.0162

742 DT— K ntrnt

First the Dt — K~ nTn " sample is discussed in more detail than the other samples as
it is most sensitive to variations which depend on kinematics due to the large signal
yield, see Table The raw asymmetry of D*— K~ 77" decays consists of the DT
production asymmetry, the K7 detection asymmetry and the detection asymmetry

of the Trigger pion (Equation [5.19):
Apaw (K~ 7T) = Ap(DT) + Ap(K~ ) + Ap(n™) .

The production asymmetry of D™ mesons at 7 TeV has been measured by the LHCb
experimemﬂ to be (—0.96 + 0.26 (stat) £+ 0.18 (syst)) % [39]. The polarity averaged
pion detection asymmetry is measured to be consistent with zero with a sensitivity of
0.18% [61]. Taking these two measurements into account, the measured Ay (K~ 77 ™)
of (—1.813 £ 0.016) % is consistent with an expected kaon detection asymmetry of
around (—1%), cf. Chapter [2.5.2]

The measured raw asymmetries of the four disjoint samples are shown in Table[7.12]
For the 2011 and 2012 data taking period Apaw (K~ 7 7™) is significantly lower in the
magnet up than in the magnet down sample. This shows that there are variations
between different data taking periods. The difference between the magnet up and the
magnet down value is likely induced by an asymmetry which changes sign as the polarity
averaged values of both years are similar.

The mean values of 2011 and 2012 are about 20 apart. Parts of the detector were
moved or repaired during the data taking of 2011 and 2012, the trigger reconstruction
slightly changed between the two years, see Table [6.1, and the centre-of-mass energy
increased from 7TeV to 8 TeV. Therefore, the small difference between the two raw
asymmetries could be a different detection asymmetry or it could be a slightly different
production asymmetry.

The strength of the method used in this analysis is that the individual production
and detection asymmetries of every involved particle do not need to be determined. The
analysis takes advantage of the fact that they are the same for different decay modes and,
consequently, cancel in the difference of raw asymmetries. Nevertheless, dependencies
of the raw asymmetries are systematically studied here and later in Chapter for
the determined CP asymmetries.

In Figure the measured Apaw (K~ 77 7") is shown for different ranges of the
kaon candidate’s momentum. In all of the four samples clear patterns are observed.
There is a trend that the asymmetry is increasing with higher momentum in the two

5The quoted result uses a sample which is not statistically independent of the D* — K%zt sample
used in this analysis.
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Figure 7.15: The raw asymmetry of D¥ — K~ 77" candidates in bins of the KT candidate
momentum. First, the asymmetry is fitted independently for each of the four samples (dashed
lines). Then, each sample is divided into ranges of the kaon momentum and a raw asymmetry
fit is performed in each subset. The signal shape is constraint to the parameters of the total
fit. The averaging of polarities is done by taking the arithmetic mean. The average of both
years is the weighted mean. A y2-fit to a constant (red line) is done for the 3fb~! result. The
obtained x2 and the degrees of freedom are given together with the corresponding x2-probability
(p-value). A low p-value is expected. The light blue line shows the momentum distribution of
the kaon candidates, the background contribution is statistically subtracted.

Figure 7.16: The azimuthal angle ¢ in the LHCb coordinate system. The z-axis is pointing into
the drawing plane (in direction of the muon stations). The direction of the kaon’s momentum is
indicated.
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120 7. Measurement of raw asymmetries

magnet up samples, but going into opposite direction with increasing momentum in
the magnet down samples. This asymmetry dependence is induced by the particle
identification reconstruction and almost cancels when averaging over the samples with
different magnet polarities, see Figure Both polarity averaged asymmetries of 2011
and 2012 show the expected behaviour that the absolute value of the kaon detection
asymmetry decreases with increasing momentum, cf. Chapter 2.5.2] The dependence
is even more apparent when combining the two data sets. This is also reflected in the
quoted p-value for the hypothesis of no dependence which is zero.

The angle ¢ of the kaon candidate is depicted in Figure [7.16|and the raw asymmetry
is shown in bins of ¢ in Figure Large variations which change sign with the
magnet polarity are seen. The source of the effect is purely geometric. Depending on
the angle ¢, the magnet polarity and the charge more or less particles with a given
charge are bent out of the detector by the magnetic field. Therefore, the effect is largest
for particles which have an angle of 0 or m and smallest for particles with an angle
of £7/2. The effect vanishes when averaging over the two polarities. More over, an
interesting observation is that the final result shows a slightly more negative asymmetry
for ¢ = +7/2. There the kaon candidates pass through the overlap regions of the VELO,
see Figure [7.16] where the material budget is slightly higher and a larger absorption
expected. The same effect is seen in the DY — K~7t sample.

In Figure the raw asymmetry is presented in bins of the momentum p of the
Trigger pion. Significant variations are observed in the given momentum range. They
could be either induced by a small tracking asymmetry for low momentum particles or by
a larger DT production asymmetry at small D momentum. The up-down differences
observed at large momenta are induced by the particle identification, see Figure
and are of opposite sign compared to the effect observed in bins of the kaon candidate’s
momentum.

The raw asymmetry is shown in bins of the of the DT candidate’s pr in Figure
The momentum of the kaon and the momentum of the D™ meson are correlated. This
explains the momentum-dependent up—down differences as they are introduced by the
particle identification of the final state particles. The absolute value of the polarity
averaged asymmetry decreases with increasing momentum. This is likely connected to the
kaon detection asymmetry. Or, the effect could also have its origin in the DT production
asymmetry as this is expected to decrease with increasing momentum, see Figure [2.16

The large negative asymmetry in the highest 1 bin of the D' candidate in Fig-
ure could have its origin in the production asymmetry as it is seen in the
Dt — K% sample as well.

As mentioned before, the purpose of these studies is not to measure the individual
components of the raw asymmetries and their dependencies. This requires further
methods that are out of the scope of this analysis. Nevertheless, it is important to have
a qualitative understanding of the involved dynamics. In contrast, a dependence of
CP asymmetries on the kinematics would be clear sign of not understood systematic
uncertainties.
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Figure 7.17: The raw asymmetry of D™ — K~ 77T candidates in bins of kinematic variables.
Low p-values are expected.
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Table 7.13: The measured raw asymmetries (in %) for the D — K97+ decay channel.

Magnet up Magnet down Mean
2011 —0.827 £ 0.172 —0.687 £ 0.145 —0.757 £ 0.113
2012 —0.8407 £ 0.0876 —0.9640 £ 0.0906 —0.9024 % 0.0630
201142012 | —0.8379 £ 0.0781 —0.8865 +0.0769 —0.8677 £ 0.0550

7.4.3 Dt— KOox+t

The raw asymmetry in Dt — K9t consists of the DT production asymmetry, the
detection asymmetry of the Trigger pion and the combined detection and C'P asymmetry
of neutral kaons (Equation [5.20]):

Avaw (K1) = Ap(DV) + Ap(n ™) + Ap(K°) .

The measured value is (—0.868 +0.055) %. It is shown in Chapter |§| that for K mesons
reconstructed with long tracks the latter asymmetry is quite small, Ap(K°) ~ —0.08%.
The main contribution is likely coming from the production asymmetry. The effects
from a tracking induced pion detection asymmetry, cf. Chapter [4.3.1] and potential
asymmetries from the trigger selection are expected to be small in the polarity averaged
values.

The measured raw asymmetries are given in Table There is an agreement at
the 1.20 level for each magnet polarity and each year. However, the sensitivity is much
smaller than in the D* — K~ 77" mode.

The raw asymmetry in bins of four selected quantities is shown in Figure [7.18]
With the sensitivity of the sample, no dependence on the transverse momentum of
the DV candidates is seen. The largest bin in 1 of the D" candidate shows a similar
behaviour as observed in the Dt — K~7T7T channel. However, this could also
be connected to a pion detection asymmetry for large 7 as it is observed as well in
Figure The up—down differences are induced by a detection asymmetry induced
by the particle identification. The asymmetry in bins of pp of the Trigger pion is
relatively flat. A similar behaviour in 2011 and 2012 is observed.
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Figure 7.18: The raw asymmetry of D¥ — K% T candidates in bins of kinematic variables.
Low p-values are expected.
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124 7. Measurement of raw asymmetries

Table 7.14: The measured raw asymmetries (in %) for the D° — K7t decay channel.

Magnet up Magnet down Mean
2011 —1.704 £0.103  —1.6375+0.0877 —1.6706 £ 0.0675
2012 —1.2678 £0.0565 —1.6614 £ 0.0583 —1.4646 % 0.0406
201142012 | —1.3692 £ 0.0495 —1.6541 +0.0485 —1.5193 + 0.0348

744 D°— K—nt

The raw asymmetry of muon-tagged D° — K 7T decays has contributions from the
muon detection asymmetry, the B production asymmetry and the K~ 7" detection

asymmetry (Equation |5.16)):
Araw (K™ 7)) = Ap(u™) + Ap(B) + Ap(K~=t) .

The measured raw asymmetry of the full data set is (—1.519 £ 0.035) %. The largest
contribution is likely coming from the kaon detection asymmetry. There is not yet a
precise measurement of the B production asymmetry in pp collision at LHC energies.
In the adapted convention it is expected to be negative with an absolute value not
exceeding the per cent level, cf. Chapter [2.6.2l The contribution from the muon
detection asymmetry is expected to be small after averaging the magnet up and down
samples, cf. Chapter

The values for the (2011, 2012)x (magnet up, magnet down) samples are given in
Table There is a very good agreement between the values measured for magnet
up and magnet down in 2011 as the LOMuon asymmetry, described in Chapter 4.1.3] is
corrected. In 2012 there is an up—down difference of (—0.394 £ 0.082)% which is due
to a non-perfect calibration of the LOMuon pr estimate. Still, the agreement is much
better than it is in the 2011 sample without correcting for the effect. The up—down
difference could also include effects from the particle identification. The absolute value
of the measured asymmetry in 2012 is significantly smaller than in 2011.

In Figure the raw asymmetry is shown as a function of four selected kinematic
variables. The raw asymmetry as a function of pr of the muon candidate is given in
Figure Due to the calibrated LOMuon pr the asymmetry in 2011 is flatter than in
2012 for each polarity. The values of the full data set have little differences below a pr
of 7GeV/c. The last bin has an asymmetry which is significantly closer to zero.

The raw asymmetry follows a similar trend as a function of the kaon candidate’s
momentum as seen in the DT — K~ 777" decay channel, see Figure [7.19b, The
asymmetry is more negative for small momenta and less negative for large momenta.
Furthermore, in Figure the same structure in the ¢ of the kaon candidate is
observed at +7/2. The absolute value of the raw asymmetry is strongly decreasing with
the transverse momentum of the D° candidate. As there is less variation observed in
the kaon momentum spectrum, the effect seen in Figure might be due to the
B production asymmetry. Both contributions to the asymmetry are hard to disentangle
here.
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7. Measurement of raw asymmetries

Table 7.15: The measured raw asymmetries (in %) for the D° — K~ K™ decay channel. The

raw asymmetries with the AAcp and Acp(K~K™) trigger selection are given.

AAcp Magnet up Magnet down Mean

2011 —0.365 +0.217 —0.374 £0.186 —0.369 4+ 0.143
2012 —0.4494+0.125 —-0.360 £0.129 —0.4044 4+ 0.0897
201142012 —0.428 +0.108 —0.364 +0.106 —0.3945 4+ 0.0760
Acp(K~K™") | Magnet up Magnet down Mean

2011 —0.245+0.242 —0.463 + 0.207 —0.354 £0.159
2012 —0.5154+0.134 —0.389 £0.138 —0.4520 4+ 0.0964
201142012 —0.4524+0.117 —-0.412+£0.115 —0.4258 4+ 0.0825

745 D°— K KTt

The raw asymmetry in D° — K~ K™ consists of a potential CP asymmetry, the detection
asymmetry of muons and the B production asymmetry (Equation [5.12)):

Araw = ACP(K7K+) + AD(Mi) + AP(E) .

The measured value of the full data set is (—0.395+0.076) % with the AAcp trigger line
selection and (—0.426+0.083) % with the Acp (K~ K ™) trigger line selection. Both values
are consistent, given the fact, that the Acp(K~ K ™) selection removes approximately
20 % of the events. There is a remarkable agreement between all disjoint samples, see
Table [Z.T5]

Given the sensitivity, the raw asymmetry shows no significant variations in the
muon pr, D° pp and D° 5 spectrum, see Figure The raw asymmetry as a
function of the angle ¢ of the muon candidate is shown in Figure In some bins
asymmetries of approximately 10 % are induced by the acceptance of the LHCb forward
geometry with the dipole magnet. The effect is larger for muon candidates compared
to hadron candidates as the muon stations are located farther away from the magnet
than the T-stations. The effect mostly vanishes when averaging over the magnet up
and down samples. The same effect is also observed in the muon-tagged D° — K~
and D°— 7~ 7T samples.
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Figure 7.20: The raw asymmetry of D°— K~ KT candidates in bins of kinematic variables.
The AAcgp trigger line selection is used. Low p-values are expected.
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128 7. Measurement of raw asymmetries

Table 7.16: The measured raw asymmetries (in %) for the D — 7~ 7" decay channel.

Magnet up Magnet down Mean
2011 —1.167£0.399 —-0.373+£0.341 —0.770 £ 0.262
2012 —0.216 £0.229 —0.791£0.235 —0.503 £0.164
201142012 | —0.451 +£0.198 —0.657 £0.193 —0.578 +0.139

746 D%— m—xt

The raw asymmetry in D° — 7~ 71 consists of a potential CP asymmetry, the muon
detection asymmetry and the B production asymmetry (Equation [5.13)):

Araw(Trfﬂ'Jr) = Acp(ﬂ'fﬂ'Jr) +Ap(p™) + AP(E) .

The measured value of the full data set is (—0.58 +0.14) %. The up-down difference
in 2011 is 1.50, in 2012 it is —1.80. The polarity averaged values for both years agree
very well. Parts of the difference in 2012 can be attributed to the muon detection
asymmetry as there is a similar difference to the same direction in the D° — K7+
sample.

The D°— 7~ 7+ sample has the lowest signal yield of all decay modes considered
in this work. Thus, the sensitivity to variations is small. The raw asymmetry is given
as a function of the same variable as are shown for the D° - K~K* decay mode in
Figure The same qualitative conclusions as for D? — K~ K decays can be drawn.
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Figure 7.21: The raw asymmetry of D°— K~ KT candidates in bins of kinematic variables.
The AAcgp trigger line selection is used. Low p-values are expected.
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130 7. Measurement of raw asymmetries

Table 7.17: The measured raw asymmetry (in %) for different decay channels and magnet
polarities. The results are obtained from independent fits to the magnet up and down samples
of 2011 and 2012. The averaging procedure is described in Chapter [7.4.1] If needed, the trigger
line selection of the AAcp or the Acp(K~ K ™) measurement is denoted.

201142012 Magnet up Magnet down Mean

Ao (K=K (a40p) —0.428 +0.108 —0.364 £ 0.106 —0.3945 + 0.0760
Apaw (m7 1) —0.451 +£0.198 —0.657 £ 0.193 —0.578 £0.139
Avaw (K~ KT (Agp (K~ K+)) —0.452 +0.117 —0.412 £0.115 —0.4258 + 0.0825
Apaw (K~ 7) —1.3692 £ 0.0495 —1.65641 +0.0485 —1.5193 4+0.0348
Ao (K~ tt) —2.0123 £0.0231 —1.6039 +0.0227 —1.8130 4+ 0.0162
Apaw (KO7F) —0.8379 £0.0781 —0.8865 +0.0769 —0.8677 £ 0.0550

7.5 Summary

The raw asymmetry of each sample is determined by a binned maximum-likelihood fit to
the invariant D mass distribution. The fits are performed simultaneously in the samples
of both tags. For DY — K~ K™ and D — 7~ 7 decays the signal shape for both tags is
constrained to be the same. For D° - K—7n+, D¥ — K—nt7x* and Dt — K% decays
a shift of the mean mass and a difference in the resolution are allowed. The background
parameters are independent for both tags. The fit model is motivated by studies with
simulated background decays and by the observed raw asymmetries per mass bin.

The measurements are performed independently for the magnet up and magnet
down samples of 2011 and 2012. Differences between the samples are observed in the
decay channels with large signal yields. The mean values of 2011 and 2012 are shown in
Table The largest asymmetries are Ay (K~ 77) and Apaw (K~ 7t7T) as both are
affected by the charged kaon asymmetry. The magnitude of all other asymmetries is
smaller than 1%. Furthermore, the raw asymmetries vary significantly when measured
in bins of kinematic variables like the kaon candidate’s momentum in D™ — K7z
decays or the transverse momentum of D° candidates in the muon-tagged D° — K ~r+
sample.
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CHAPTER &

Event weighting

The analysis method requires that production and detection asymmetries cancel in
the difference of two raw asymmetries, as detailed in the previous chapters. These
asymmetries depend on the kinematic distributions of the involved particles. In this
chapter a method to adjust the kinematic distributions of all decay channels is presented
such that the aforementioned assumption is fulfilled. The kinematic distributions of all
channels are studied and it is explained how weights are assigned to each event in order
to obtain a better agreement in the kinematic distributions of different decay channels.
In the last part the method is validated using pseudo-experiments.

8.1 Weighting procedures of AAcp and Acp(K~ K™) mea-
surements

First, the weighting strategy for the AAcp measurement is discussed in detail as it is
the simpler case than the Acp(K~K™) measurement. The developed weighting method
can be transferred to the Acp(K~ K1) measurement which is discussed thereafter.

8.1.1 Effect of kinematic differences

The raw asymmetries used in the presentation of the analysis strategy in Chapter [5] are
implicitly integrated over the kinematic distributions of all involved particles. To be
more explicit, the measured raw asymmetry for D — K~ K+ and D — 7~z decays
coming from a semileptonic B decay can be written as a function of the kinematic
variables of the B meson and the tagging muon:

araw (P, 1", O, 0P 0P) = Acp + df (pr*, ", ") + aB (prB,nP) . (8.1)

The CP asymmetry has no kinematic dependencym the production asymmetry depends
on pr and 7n of the B meson, cf. Chapter and the detection asymmetry depends
on pr, n and ¢ of the muon, cf. Chapter . The final state of the D° meson is a CP
eigenstate and, hence, does not have a detection asymmetry. Therefore, the integrated

! There might be a small effect from indirect CP violation if the decay-time acceptance has a strong
dependency on the kinematic distributions. The decay-time acceptance of all semileptonic decay channels
has been studied and is found to be similar [5|. Thus, this effect can be safely neglected in the AAcp
and the Acp(K~ K*) measurements.
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132 8. Event weighting

measured raw asymmetry depends on the observed B spectrum, p(pr?,n?), and muon
spectrum, p(pr#,n*, ¢"'):

Araw = Acp+/p(pT“,n“,cﬁ“)a’é(m“m“,cb")dp”+/p(pTB,nB)ag(pTB,nB)de,
(8.2)
with normalised distributions p,

1= /p(pT“,n",QS“)dp“ = /p(pTB,nB)de : (8.3)

A difference of the kinematic distributions of D — K~ K+t and D°— 7~ 7T candidates,

Ap(p) = pP KK (p) — pP T T () (8.4)

leads to the residual asymmetry, AA, in the AAcp determination
AAcp = ACP(K_K+) —ACP(W_W+) + AA . (8.5)

The residual asymmetry is given by

AA = /Ap(pT“,n“, ¢*) alfy(pr# ', o) dp' + / Ap(pr®,nP) af(pr®,n") dp”

(8.6)
In the case the distributions are equal, AA vanishes. Furthermore, no residual asym-
metry is left if detection or production asymmetries do not depend on the kinematics
of the involved particles, by construction [Ap(p)dp = 0. The residual asymmetry
depends on the size of the asymmetry variations and the differences of the kinematic
distributions. The procedure described in the following is dedicated to that. As the
involved asymmetries and their variations are small, the correction AA is expected to
be small as long as the kinematic distributions are similar.

8.1.2 'Weighting procedure for A Acp measurement

Production and detection asymmetries are the same for D°— K~ K+ and D°— 7~

signal events but not necessarily for background events. Therefore, the kinematic
distributions of genuine D° - K~ K% and D° — 7~ 7 decays have to be extracted
from all events. A pure background sample can be obtained from events that have a
reconstructed DY mass which is much smaller or much larger than the real D° mass. In
each phase space bin the number of background events is estimated from the so-called
mass sidebands. The mass sidebands are defined symmetrically around the D° mass as

[mD(),PDG — 60 MeV/cQ, mDO,PDG —30 MeV/cQ] (87)
and [mDO’PDG + 30 MeV/cz, mDO’PDG + 60 MeV/cz] .
The signal region is chosen to have the same width, [mpo — mpo ppg| < 30 MeV/c?.
Thus, when subtracting the kinematic distribution of the background region from

the kinematic distribution of the signal region, the number of background events is
subtracted in each phase space bin (sideband subtraction). This method assumes a
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Figure 8.1: The kinematic distributions of reconstructed D° — 7~7+ and D°— K~ K™ decays
before weighting. The 2012 data sample with magnet up polarity is used.
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134 8. Event weighting

linear background distribution and that the background contribution in the signal region
has the same kinematic distributions as in the background region. As this is only
approximately true for D - K~K* and D' — 7~ 7 candidates, variations of this
procedure are discussed within the systematic uncertainties.

The distributions of signal events are shown in Figure for B, D' and muon
candidates. The method described here is independently applied to each of the four
samples. The 2012 magnet up distributions are studied as an example. The distributions
are very similar in the other samples] The ratio of D° - K~K* and D° — 7~ nt
decays in each bin is shown as well, a clear but not large difference between the two
decay modes can be seen.

The selection of muon, D° and B candidates is the same for all semileptonic
decay modes, see Table [6.4, However, differences in the momentum distributions
can occur due to selection cuts on the decay products of the D° candidates. The
Q values of the two decays are significantly different as kaons have an about four times
larger mass than pions. Applying the same momentum requirement on the D? decay
products, therefore introduces a different D° momentum distribution. Differences in
the momentum distributions also arise due to different requirements on the particle
identification as these are implicit cuts on the momenta.

In order to get a more similar distribution for the B and muon kinematics,
D’ — K~K% and D°— 7~ 7t events are first grouped in bins of pr and 7 of the
DY candidate. The bin boundaries in 7 are equidistantly distributed in the range
[1.5,5.5]. The distribution of the transverse momentum pr has a core with a large
number of events and a large tail with very few events. To have more even populated
bins, pr is transformed by the function, g(pr), which is defined as

g(pt) = 2/marctan ((pr( MeV/c) — 450 MeV/c) /(4500 MeV/c)) . (8.8)

The transformation g maps pr to the range [0, 1]. It allows for an equidistant binning
in g(pr) where higher bins span a larger pr range. The default weighting procedure
uses 20 bins per dimension. This makes 400 bins in total which allows for a proper
description of the kinematic distributions. The D 1 and g(pr) distributions used in the
weighting are shown in Figure Variations of the bin number are discussed within
the context of systematic studies. The D° — K~ K+ and D°— 7~ nT distributions are
normalised to one as only the shapes of the distributions matter and not a difference
in the total yields. Then, a kinematic weight is assigned to each D® — K~ K™ event,
according to
w(pTDO nDO) _ Niot, k- K+ Np—rt (pTDOﬂ?DO)
’ ]\[tot,7r*7r+ NKg-K+ (PTDOWDO) ’

(8.9)

where n,—p,+ (pr? 0,17D 0) denotes the measured signal yield in the given kinematic bin
and Ny ,—p+ is the total signal yield of the D’ K~K* or D' — 7~ 7t sample. The
weights assigned to the D? — K~ K sample are shown in Figure The meanings of
N, Neg, weg and renormalised weights is explained later in Chapter The kinematic
weights are distributed around one as the kinematic distributions of D — K~ K+ and
DY — 7= 7t events are also similar in two dimensions.

2A full list of all distributions is given in Reference [3].
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136 8. Event weighting

The result of the weighting procedure is shown in Figure [8:4] It should be noted
that the bin size and number of bins in the displayed histograms are different to those
used in the weighting procedure. Thus, small variations are seen in the D distributions,
although these distributions are used in the weighting. The kinematic distributions
of the B meson and muon agree well after the weighting. This is expected as their
kinematics are correlated to the D° meson’s kinematics and, therefore, the kinematic
distributions of B meson and muon are changed as well. The impact of the residual
differences in B and muon kinematics is evaluated in systematic studies later together
with effects due to a finite binning in the D° candidates’ kinematics. The effects are
expected to be small as the distributions agree well and the variations of detection and
productions asymmetries are small.

8.1.3 Effective yields

The statistical uncertainty on small asymmetries, neglecting background contributions,
is approximately 1/ V/N, where N is the total signal yield. In the following discussion
background contributions are omitted for simplicity. The obtained signal yield after the
weighting procedure is

N
N =) ", (8.10)
=1

where w; has been defined in Equation [8.9] As the kinematic weights are not limited,
N* could become larger than N. Applying different weights to each event can increase
the statistical contribution of a single event but cannot increase the total statistical
power of the full sample. The lower limit of the uncertainty on the asymmetry of the
weighted sample is given by 1/ V/N. This is reflected by renormalising every event with
the normalisation factor, weg, which is defined as

Tiliw . (8.11)

The effective sample size, N, is then given by

N

Nog = Wef Z w; . (8.12)
=1

The factor weg ensures that Neg is equal to N in case of equal weights for each event. If
the individual event weights are different, the effective sample size Ng is smaller than

N adl

(8.13)

N
. Ww;
e Y wi <N (8.14)

1 =1

3The inequality can be proven by mathematical induction.
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Figure 8.4: The kinematic distributions of reconstructed D° — 7~ 7+ and D°— K~ K™ decays
after weighting. The 2012 data sample with magnet up polarity is used.
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138 8. Event weighting

Consequently, the statistical power of the weighted sample decreases. The uncertainty on
the asymmetry measurement is then given by 1/v/Neg. The reduction of the statistical
power depends on the spread of the weights. If the weights are distributed with a small
spread around the average weight, the loss in sensitivity is small. Events with a weight
much larger than the average weight lead to a large reduction of the statistical power of
the sample.

The previous discussion also explains why the sample with the higher signal yield,
the DY — K~ K+ sample, is weighted in the AAcp measurement. The uncertainty
of AAcp is dominated by the statistical uncertainty of the measured raw asymmetry
in the D° — 7~ 7" sample as the signal yield in the DY - K~ Kt sample is about
three times higher. The distribution of the renormalized weights is shown in Figure [8.3
for the AAcp measurement. The effective sample size decreases only slightly as the
kinematics of D - K~ Kt and D° — 7~ 7t decays are similar already before the
weighting. Therefore, the loss in statistical power is only Neg/N =~ 0.93. In the next
section the weighting procedure for the Acp(K~ K1) measurement is explained. There,
the kinematic differences are much larger between the various samples.

The treatment of weights in binned-likelihood fits to the invariant mass distributions
where also background contributions are present is discussed in Chapter and the
correct uncertainty coverage is tested in Chapter [8.2.2
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Figure 8.5: A sketch of the weighting strategy. Particles that are connected are used to cancel
nuisance asymmetries. The weighting procedure starts from the top such that all calibration
channels are weighted with respect to the DY — K~ K+ sample. It is explained in more detail
in the text.

8.1.4 Weighting procedure for Acp(K~K™) measurement

The weighting procedure for the Acp(K~K™') measurement is more complex than
that of the AAcp measurement as it involves several decay channels, cf. Chapter [5
The strategy to weight events is depicted in Figure [8.5 and explained in the following.
The basic idea is: First, the D° — K~nt sample is weighted such that it agrees
with the D — K~ K7t sample. Second, the weighted D — K~z sample is used to
weight the DT — K~nTxt sample. Third, the D* — K%zt sample is weighted to the
DT — K- 77T sample. The principle of each step is similar to the weighting procedure
in the AAcp measurement. However, there are some differences as discussed in detail
in the following.

First step: D°— K- KT to D° - K~ 7T weighting

The first step is almost equivalent to the weighting of the AAcp measurement ex-
plained in Chapter The difference is that muon-tagged D — K7t events
are used to determine the B production asymmetry Ap(B) and the muon detection
asymmetry Ap(pu~).

The distribution of B, D° and muon signal candidates of muon-tagged D? — K~ K+
and D°— K7t decays are compared in Figure For example, the distributions of
the 2012 magnet up sample are shown, the distributions of all other samples are found
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Figure 8.6: The kinematic distributions of reconstructed D — K~ KT and D° — K~ 7+ decays
before weighting. The 2012 data sample with magnet up polarity is used.
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Figure 8.7: The weights assigned to the D — K~7" samples. All data are used. The
definitions of N, Neg, weg and renormalized weight can be found in Chapter

to be similarﬁ The background contribution is determined by a sideband subtraction
equivalent to that used in the AAcp measurement, cf. Chapter The agreement of
the kinematic distributions is similar to the agreement of D° - K~ K+ and D — 77t
decays. A similar procedure is used to weight the events. The only difference is that
the D°— K~rt sample is weighted and not the D° — K~ K™ sample.

The D°— K ~n" events are assigned the weight

0 0

]\ftot,K*WJr nK*K*(pTD 777D )

, (8.15)
Ntot,K*K* NEg—r+ (pTDO ) 77D0)

w(prpo,Npo) =

where n, /. (pTDO, nDO) denotes the measured signal yield in the given bin, N -+
is the total signal yield of the D° = K~K* or D° — K~nT sample. The assigned
weights are shown in Figure 8.7, The distribution is centred around one with little
spread as differences in the kinematic distributions are small. The effective yield of the
D — K~rt sample is about 5% smaller than the original sample size. The result of
the weighting is shown in Figure Weighting the D° kinematics largely corrects the
disagreement in the B and muon distributions. As there is no full correlation between
the DY kinematics and the muon and B kinematics, some residual differences are left.
This affects mainly the kinematic distributions of muons. An additional weighting
according to the muon kinematics is considered as a systematic study. The effect of an
imperfect weighting is additionally studied with pseudo-experiments in Chapter

4As for the AAcp measurement, a full list of all distributions is given in Reference |5
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Figure 8.8: The kinematic distributions of reconstructed DY — K~K* and D° — K7+
candidates after weighting. The 2012 data sample with magnet up polarity is used.
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Figure 8.9: The kinematic distributions of reconstructed D° — K~7+ and DT — K- ntx™
decays after weighting. The 2012 data sample with magnet up polarity is used.

Second step: D — K—nt to DT — K—nt#nt weighting

The second step is to assign weights to each D™ — K~ 77T candidate. This weighting
step ensures that the raw asymmetries A (K~ 7) and A (K- 77 7") have the
same contribution from the detection asymmetry Ap(K~7"). The weighting of the
D% — K—nt sample from the previous step is taken into account.

The kinematics of the pion and the kaon candidates of the D™ — K~ 77T sample
have to match the muon-tagged D° — K7t sample. The pion candidates of the
D — K~rt sample are not used in the trigger selection. Thus, the pion candidates of
reconstructed Dt — K~ 77T decays are distinguished in Slow and Trigger pion, see
also Chapter [6.2.4] and Figure [6.4] The pion which is used to create a positive decision
of the H1t1TrackA11LO line is defined as the Trigger pion, the other one is called Slow
pion. In case both pions triggered, the Trigger pion is chosen randomly.

The kinematic distribution of Slow pions and kaons are shown in Figure [8.9
In both modes a sideband subtraction is done to extract the signal distribution.
The signal and background region of Dt candidates are similarly defined as for D°
candidates. The mass sidebands are [mp+ ppg — 60 MeV/c?, mp+ ppe — 30 MeV/c?]
and [mp+ ppg + 30 MeV/c?, mp+ ppg + 60 MeV/c?]. The signal region is defined as
Imp+ — mp+ ppa| < 30MeV/c?. The agreement of the distributions of D° — K~ 7"
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and Dt — K~ 777" decays is worse than in previous step. This is expected as two very
different decays are compared. The D° — K~ 7% sample is from semileptonic B decays
where the D° meson has two decay productes whereas the DT — K77 sample is
from prompt produced DT mesons which has three decay products. Thus, it is not
possible to weight according to the kinematics of one final state particle and obtain
agreement in the other particle as well.

In principle an agreement in all six dimensions shown in Figure is necessary
to fully cancel all spurious asymmetries. However, it is not possible to weight in six
dimensions as the overlap of the two samples in a large phase space is almost zero.
Therefore, the number of dimensions has to be reduced. It is shown in Chapter [7.4]
that the variations of the raw asymmetries in bins of the azimuthal angle ¢ of the kaon
candidates are small when looking at the polarity averaged results, see Figures [7.17]
and Furthermore, dependencies on ¢ can be partly tested when changing the
magnet polarity as this changes the direction in which particles with a given charge are
bent. This is not possible for dependencies on p, pt and 1. Hence, the procedure does
not include a weighting in the azimuthal angles of final state particles. As variations are
seen in the raw asymmetries when looking at bins of ¢, a weighting according to the ¢
distributions of pions and kaons is considered as a systematic study in Chapter But
the default method is chosen to be as simple as possible.

This leaves four dimensions. To further reduce the number, the weighting is per-
formed in two steps. First, the pr and 7 of the Slow pions together with the pt of
the kaons are used to determine the weights assigned to the D™ — K~ 7" 7n" sample.
The combination of kinematic variables of the two final state particles is needed to be
sensitive to the correlation between the kinematics of both particles. The bin boundaries
in 7 are equidistantly distributed in the range [1.5,5.5]. Similarly to the previous
weighting step, the pr of the kaon and the pion candidates are transformed by the

function ) eV
g(pr) = - arctan (pT( eb/c) - “) , (8.16)

where the parameter a is chosen close to the minimum pp, a = 250 MeV/c¢, and the
parameter b close to the average of the pr distribution, b = 2000 MeV/c. Again 20 bins
per dimension are used which results in 8000 bins in total. The weights, w(!), are then
calculated as

K*) _ Ntot,K_ﬂ+7T+ NKg-—r+ (pTﬂ+7777T+7pTK_)

— (8.17)
]\ftot,l(*ﬂ'Jr nK*7r+7r+(pT7r+7T]7r+7pTK )

+
UJ(I)(IUTWJrﬂ?7r , PT

where Nyo c—r+ and ng— .+ (pT”+,77”+,pTK_) take the weighting of the first step

according to the D® — K~ K™ kinematics into account. The weighted event yield,
(1)

Mmoot

in a kinematic bin of the D¥ — K~ 77T sample is given by

(1) ot xt K= 7ty _
n — b b b -
Kemtnt (2T 0" 0T ") (8.18)

NR— E— o -
n[(*w*w*(pT7r anﬂ— 7pTK ,777r )X,w(l)(pT7r ’,'771’ 7pTK ) .

The result of the weighting procedure is shown in Figure [8.10] By design a good
agreement in pr and 7 of the Slow pions and prt of the kaons is achieved. The non-
perfect agreement in the distributions is due to the finer binning in these plots than
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Figure 8.10: The kinematic distributions of reconstructed D’ — K~n" and DT — K~ ntx ™
candidates after the first weighting step. The 2012 data sample with magnet up polarity is used.
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Figure 8.11: The weights assigned to the D™ — K~ 7% sample are shown for all data.
The definitions of N, Ngg and weg can be found in Chapter

the binning used for the weighting. The remaining differences in the 7 distribution of
the kaons are decreased in a second step which takes the weights of Equation [8.17] into
account. The pr and 7 of the kaon signal candidates together with the pt of the pion
signal candidates are used to determine a second set of weights, w(?), which is assigned
to the D* — K~ 77" sample:
1) n ( K- K~ 7r+)
w(2) (pTK_777K_,pTﬂ+) _ _ tot,K rtat (11){—7r+ br 177 :PT 7 (819)
Niot, k—n+ ngt o (pr K pr")

The 20 bins per dimension are equidistantly distributed in n and the transformed pt
of kaon and pion candidates. The final kinematic weight is the multiplication of both
weights from Equations [8.17] and [8.19] Each weight is normalised with the factor weg

1(1) X wZ@). Thus, the renormalized weights are

defined in Equation |8£| with w; = w
given as
w = weg X W x w? | (8.20)
The distribution of the weights is given in Figure [8.11] and the kinematic distri-
butions after the weighting can be seen in Figure [8.12] There is a good agreement
in all dimensions which are used in the weighting procedure. The agreement in the
¢ distributions gets slightly worse. This is due to small correlations between (pr, 1)
and ¢ due to the detector acceptance. As mentioned before, an additional weighting
in ¢ is considered as a systematic study. The assigned weights have a larger spread
than the weights assigned to the D° — K ~xt sample. The statistical power of the
DT — K- 7nmn™ sample is reduced by about a factor of two. As the Dt — K ntxt
signal yield is much larger than the signal yields of any other channel, the sensitivity of
the analysis is not affected.

146



8.1. Weighting procedures of AAcp and Acp(K~ K™) measurements 147

—~ D'—K K* : — D'>K K* - 0.016 ——D'>K K*
2 0.09F P =2 g 2 .
< 0‘087 —— D">K n'n* < 0.05F —— D">K n'n* < 0.014F —— D'>K 'ttt
007 %, E b o, ] 0012 s s s
006+ . 3 o S 0.01FF R, ‘}3- £
005f s o E 0.03F z . E 0.008F ”DD;-_. A R E
0.04F S E = = s 3
0,03k« . E 002F . ] 0.006¢ & % E
oo ., E H s 0.004f ° E
0.01F -"'-\___‘ 3 oo . e E 0.002F E
o~ OF 1 1 ! 1 o)~ O+ 1 1 1 o~ O 1 1 1
s L S S . IS
k¥ SRS e . ST ox . e ]
R TN
;E(L ° ! ! ! %EO,. 2 ! ! ! ;EU_ L ! L
0 2000 4000 6000 8000 10000 2 3 4 5 2 0 2
Kaon P, [MeV/c] Kaon n Kaon ¢
(a) Kaon candidates
: T —— DK T* : T —— D’—>K : 0.016F— ———— —— D’k
2 009k - =2 - =N -
< 0'08* —— D'>K 't < .05k —— D'>K 't < 0.014F —— D'>K 't
0:07* 5] E 0.04F e E 0'012}?‘“@“ g, ]
0.06¢ N gga E ’ * aﬁaﬂe 0.01F &ﬁi‘;‘- ,f?' o f%%". .-‘QPME
0.05¢ ° 3 0.03¢ . i E 0.008f: E
004E° % 3 2 % 3 T : ¥
0.03F . 3 0.02F 0 ° ] 0.006| o H o
0.02f =, 3 B ., 0.004f E
0.01 %RM 3 ool > L ] 0.002¢ ]
2= 0 1 1 1 1 o~ Ot 1 1 \ o= 0 1 1 1
&S |5 . | &
3% Eetnmmanesssententoer o (O I SR etortateah ok N o
ki % 0 e '.--..o:-..«...»"mj 7 % *,, O ‘w + 1 % S S
; = 0. | | I | ; = 0. l‘ ! | I ! ; = 0. ! | I
0 2000 4000 6000 8000 10000 2 3 4 5 2 0 2
Slow pion p_ [MeV/c] Slow pion 1 Slow pion ¢

(b) Slow pions

Figure 8.12: The kinematic distributions of reconstructed D’ — K~n* and DT — K- ntx ™
candidates after weighting. The 2012 data sample with magnet up polarity is used.
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Figure 8.13: The kinematic distributions of reconstructed D* — K~ 7*7+ and D* — Kr*
decays before weighting. The 2012 data sample with magnet up polarity is used.

Third step: DT — K—nt#nt to DT — K%rT weighting

The raw asymmetry of reconstructed DT — K77 is used to determine the Trigger pion
detection asymmetry and the DT production asymmetry. Both are needed to measure
Ap(K~m") with the DT — K~ 7" sample. Therefore, the last and most complicated
step is to match the DT and Trigger pion kinematics between the D* — K 7z
sample and the Dt — K%+ sample.

The kinematic distributions of D™ and Trigger pion signal candidatesﬂ are shown
for the DT — K~ nt7t and Dt — K%t sample in Figure The DT — K—ntn™
distributions take the weighting from the previous step into account. The pr distributions
of the Trigger pions agree well as in both samples they are used in the H1t1TrackA11LO
line and, therefore, have passed the same thresholds. This leads to a very different D
momentum spectrum as one decay is a two-body and the other a three-body decay.

Similarly to the weighting of DT — K~ nt7+ and D°— K7t candidates, a step-
wise procedure is used to obtain a good agreement in the pp and 7 distributions of
Trigger pions and DT mesons. The azimuthal angles are not considered. This is not
necessary for DT mesons, as production asymmetries do not depend on ¢. The ¢
distributions of the Trigger pions are adjusted as a systematic study in Chapter

5The same sideband subtraction as in the previous steps is used to extract the signal distributions.
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The first step assigns weights according to the pr and 1 of D' candidates and pr
of Trigger pions. The DT — KYr* sample is weighted against the Dt — K—ntxt
sample. The pr distributions are again transformed with the known function g(pr), see
Equation The parameters a are 1800 MeV/c for the DT candidates and 1500 MeV/c
for the Trigger pions. Parameters b are 5500 MeV/c and 1000 MeV/c¢, respectively.
Equivalent to the other weightings 20 bins per dimension are used. The first weights
assigned to the D* — K7+ sample are determined by
w® (prP" P ™) = Niote—rtat  Nigogs (pr” 0P pr™ ™)
’ 7 Ntot,f?oﬂ"*‘ NKg—g+rt (pTD+ ) 77D+ , PT

T (8.21)

(1)

o1+ in a kinematic bin of the Dt — K%t sample is given

The weighted event yield, n
by

)

D+
nl?oﬂ.-‘- (pT

D+ Trat _Trat
> 1 » PT 1 )

Trnt  Tr 7r+)

- (8.22)
n[?07|—+(pT » 1 » PT )1

+  p+ +
x wD (prP" P pr T

A second step is performed to get a better agreement in the n distributions of Trigger
pions. The pr and 7 of the Trigger pions and pr of the DT candidates are used to
assign weights according to
1) Trnt  Trat Dt
N, — n— (pT , N y PT )
w® (pr T T pp DTy = T KOt . (8.23)

(1) n Tr ot ,Trat D+
— K—ntat+\PT n pr
A wtat ( : ,p177)

where the weights of the first step are taken into account. The second step changes the
n distribution of the DT candidates. Therefore, the first step is repeated in a third step
with the weights,

(2 pt Dt  Trat
W Pyt = Mot Mo U P L))
o N& ke (PP P pr )

where again the weights of the second step are taken into account.
After these three steps a good agreement in the four dimensions is achieved. The
final normalised kinematic weight is then

w = wegg X W x w? x wh® | (8.25)

where weg is defined in Equation The distribution of the weights is shown in
Figure and the result of the weighting procedure is given in Figure [8.15] The
deviations in the DT and Trigger pion momentum spectra are largely reduced by the
weighting procedure. The differences in the ¢ distributions of Trigger pions are discussed
in the systematic studies. Many events of the DT — K97t sample get a weight of zero
due to non-overlapping phase space regions. Additionally, the spread of the weights is
large. The spread is mainly introduced by the first weighting step. The distribution of
these kinematic weights looks similar to the one of the final weight shown in Figure
The kinematic weights of the other two steps are centred around one with a root mean
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Figure 8.14: The weights assigned to the D* — K%+ (LL) sample are shown for all
data. The definitions of N, Neg and weg can be found in Chapter @

square of 0.25 and 0.4. The statistical power of the sample is reduced by almost a factor
of five due to the weighting. The dominating statistical uncertainty of the Acp(K~K™)
measurement is the statistical uncertainty of the weighted Ay (K°7) measurement.

The treatment of the kinematic weights in the binned maximum-likelihood fit to
extract the raw asymmetries is discussed in the following.
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Figure 8.15: The kinematic distributions of reconstructed D™ — K" and DT — K- ntn ™
decays after weighting. The 2012 data sample with magnet up polarity is used.
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8.2 Validation of the asymmetry extraction procedure

In this section the fit procedure is validated with pseudo-experiments. First, it is checked
that the fit has a correct uncertainty coverage and does not produce any biases in the
raw asymmetry determination. Second, the correlation of a weighted sample and the
original sample are discussed. Third, the effect of momentum-dependent asymmetries
and the effect of the weighting is studied with pseudo-experiments.

8.2.1 Weighted likelihood fits

The weight of an event has to be taken into account in the binned maximum-likelihood
fit otherwise the uncertainty estimate is wrong. However, the application of the renor-
malisation procedure discussed in Chapter already gives the correct uncertainty
coverage. For completeness, the formulas are repeated for the case of a binned likelihood-
fit with weighted events. As previously described, after the kinematic weighting the
weights are normalised with the factor

N

W = D i1 Wi
€ - N )

Do Wy
where the sum includes all events in the mass range of the fit. It should be pointed
out that a second normalisation according to this formula leads to weg = 1. The final
weight is then used in the binned-likelihood fit. The effective population in a bin j, is

given by

(8.26)

Nj
Njet = > w; . (8.27)
i=1
where the sum runs over all events in the range of bin j. In the asymmetry fit the tag

decision is also taken into account. The uncertainty of each bin is given by the sum of
the weights squared:

(8.28)

The correct uncertainty coverage of this procedure is studied in the next Section
The effective sample size after the weighting procedure is given by

N

Neff = Wesr Z ws; . (829)
i=1

which is always equal to or smaller than N. In the special case where all weights w;
are the same the renormalisation with weg leads to Ne.g = N and there is no loss in
statistical power due to the weighting. In the case where not all weights are equal, the
statistical power is reduced.
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Figure 8.16: Invariant mass distributions of generated (a) D* — K%z+ and (b) D~ — K%7—
decays, and (c) the raw asymmetry as function of the invariant mass. The fit results are overlaid.
The kinematic weights and the event yield correspond to the 2012 magnet up sample.

8.2.2 Uncertainty coverage of binned maximum-likelihood fit with
weighted events

A correct uncertainty coverage of the fit is necessary to determine the right uncertainty on
the Acp(K~K7*) and AAcp measurement. Especially the weighting of the DT — Ko7+
candidates reduces the statistical power of the sample drastically. The Dt — K97t
sample and its kinematic weights in the Acp(K~K™) measurement are used as basis
for pseudo-experiments to test the uncertainty coverage.

In each pseudo-experiment events are generated with the fit model used for the
asymmetry fits on data, which is discussed in Chapter [7.3] The model parameters are
chosen such that they resemble the parameters of the fits to the DT — K7t sample,
cf. Chapter[7.3.6] The generated asymmetry is (—1 %) which corresponds to the observed
raw asymmetries. The number of generated events is equal to the number of events of
the four disjoint DT — K97t samples. A kinematic weight taken from the kinematic
weights observed in data is assigned to each event. Thus, each pseudo-experiment has
exactly the same distribution of kinematic weights as in the Acp(K~ K1) measurement.
The distribution of the weights is shown in Figure [8.14, The procedure is repeated
1200 times for the magnet up and down samples of 2011 and 2012. An example of a
weighted fit is shown in Figure It resembles the shape and the number of events
of the 2012 magnet up sample. The effective signal yield is the same as observed in the
Acp(K~K™) measurement, cf. Chapter [11.2]

The pull of a pseudo-experiment is defined as

pull = Ast =~ Agen , (8.30)
0 Agt
where Agen is the generated value, Ag; is the fitted value in one pseudo-experiment
and o4 is the uncertainty estimate of the maximum-likelihood fit. Ideally the pulls are
distributed as a Gaussian with a mean of zero and a width of one. In that case the fit
is not biased and the uncertainty estimate is correct.

For example, the results of the pseudo-experiments corresponding to the 2012 magnet
up sample are shown in Figure [8.17 The following statements hold as well for the
other three samples. The distribution of the fitted asymmetries of the weighted and
unweighted samples are centred around the generated value of (—1%). Both pull
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Table 8.1: The uncertainty of the unweighted and the weighted fits and their quadratic
difference. The last columns lists the width of the distribution shown Figure

Sample oa (%] oaw (%) \/Ui,w — 0% (%] | o(Asew — Ase) (%]
2011 up 0.17 0.35 0.30 0.27 +0.01
2011 down 0.15 0.27 0.23 0.22 £0.01
2012 up 0.09 0.19 0.17 0.17 4+ 0.00
2012 down 0.09 0.20 0.18 0.17 4+ 0.00

distributions show a Gaussian behaviour. The mean is centred around zero and the
width is compatible with one. Neither the unweighted nor the weighted fit introduce a
bias or have a wrong uncertainty coverage.

Additionally, it can be seen that the statistical uncertainty of the weighted fit is about
twice the statistical uncertainty of the unweighted fit. Figure[8.17b|shows the distribution
of the difference of the fitted asymmetries of the weighted and unweighted sample,
Afit.w — Aft. The fitted width of this distribution is compared with the uncertainty

of the fit with and without weighting and the quadratic difference, 1/(7/2_1 — 0'3‘, in

Table[8.1] As the simulated weights do not depend on any kinematic variables, the result
shows that statistical variations can be expected due to the weighting. The quadratic
difference is a good estimator of the expected size of these statistical fluctuations.
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Figure 8.17: The results of the pseudo-experiments. The top row shows the distribution of
the fitted asymmetry of the (a, left) unweighted and (a, right) weighted samples. (b) The
distribution of the difference. (¢) The bottom row shows the corresponding pull distributions.
The event numbers and weights are taken from the 2012 magnet down sample. 1200 toys were
generated for each sample.
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Figure 8.18: Invariant mass distributions of generated (a) D°— K~ K+ and (b) D — K~ K™+
decays and (c) the raw asymmetry as function of the invariant mass. The fit results are overlaid.
The event yield corresponds to the 2012 magnet up sample.

8.2.3 Correlation of the different D° — K~ Kt samples

The Acp(K~K™) and the AAcp measurements use a common sample of D — K~ K™
events. However, the Acp(K~ K1) measurement uses a subset of the sample as a
tighter trigger line selection is applied, see Chapter and the AAcp measurement
uses weighted DY — K~ K7 candidates to obtain a better agreement in the kinematic
distributions of D® — K~ K+ and D°— 7~ 7t decays.

The correlation of a raw asymmetry determined on a sample A , A/ ., and one
determined on a sample B, AP is studied. The samples A and B can have a large
overlap and the per-event weight of a given event is allowed to be different for samples
A and B. The correlation factor of the raw asymmetries is calculated from the per-event
weights by

A

2
(X anpw? w?)
2 2
>4 (W) 3 g (wh)
where w? is the per-event weight of sample A and w? the per-event weight of sample B.

The two extreme cases where A and B have no overlap and where A and B are identical
are obviously respected by the formula. If the samples A and B are not weighted, p

p= , (8.31)

would be given by \/N](‘,izBNj{‘,i?, which scales with the fractional overlap of the two
samples. The effect of two different weights for one event is considered by multiplying
them. Therefore, an event with large weights contributes more to the correlation than
an event with small weights.

The validity of Equation is tested with pseudo-experiments. The same number
of candidates as obeserved in one D° — K~ KT sample (2012 magnet up) is generated.
The parameters of the mass model are taken similar to the fitted values on data. The
simulated signal asymmetry is (—0.4 %) which is representative for the raw asymmetries
observed in data, cf. Tables An example is shown in Figure [8.18] The asymmetry
is fitted twice. First, the raw asymmetry is determined in an unweighted sample where
roughly 16 % of the events are randomly thrown away (sample A). The fraction of
16 % corresponds to the loss of events due to the tighter selection requirements, cf.
Table Second, the events are weighted equivalently to the weighting performed in
the AAcp measurement (sample B). The weights are drawn from the distribution of
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Figure 8.19: The projected distributions of (a) A2 and (b) AZ_ of 1200 pseudo-experiments.

raw raw
A fit with a Gaussian is overlaid. (c) The two-dimensional distribution of A4 and AZ . The

raw raw "’

correlation factor of the histogram is given. The generated asymmetry is (—0.4 %).

the observed weights, see Figure [8.3] The procedure is repeated 1200 times. The fitted
asymmetries A2 and AB  of each pseudo-experiment are filled into a two-dimensional
histogram. The projections on each dimension and the two-dimensional histogram are
shown in Figure [8.19) Both measurements are unbiased. The correlation factor of
the two-dimensional histogram is 0.887. The calculated correlation of 2012 magnet up
sample according to Equation [8.32]is 0.874 which is in good agreement with the result
of the pseudo-experiments. Therefore, Equation [8.31] is used to calculate correlations of
raw asymmetries.

The Acp(K~ K1) and AAcp measurements are correlated due to the common
D° — K~ K7 candidates. In terms of the two D° — K~ K7 samples, Equation is

written as

N, Acp(x~Kh)  Adop)?
zi:1 WK, Wik,

_ 2 2
N Acp(K~KT) N AA
21:1 (wx(gi ) 21:1 (wKK,zCP)

where N is the total number of D° — K~K7 events, wﬁﬁ@’ is the weight of each

D —» K~ K% candidate in the AAcp measurement and w?}?f? fKiKﬂ is the weight of

each D — K~ K* candidate in the Acp(K~ K1) measurement. The weight w5” ;KﬁKﬂ

is one if the event passed the Acp(K~K™) trigger line selection and zero if not.
Using Equations and the covariance of the Acp(K~ K1) and AAcp

measurements is derived to

(8.32)

PrkK =

Cov(Acp(K~K™), AAcp) = Cov(AraW(K*K+)ACP(K*K+), Apaw (K~ KT)24cr)

= prx oACPUT KD Gadce (8.33)

where pgg is the correlation factor of the two DY — K~ K% samples according to
-kt

Equation ‘8.32L afrc;; EED) s the statistical uncertainty on Apaw (K~ K1) in the AAcp
measurement and oy in the Acp(K~K*) measurement. Following Equation
the correlation coefficient, pstat, between the measurements of Acp(K~ K1) and AAcp
is given by

Acp(KTKT) AAcp
_ Araw Araw 8 34
Pstat = Pr K AMep  Agp(K-KT) ( . )
Ostat stat
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-kt .- _
where 052" and 04SP ) are the statistical uncertainties of the AAgp and the

Acp(K~K™) measurements, respectively. The former includes the statistical uncertainty
of the D® — 7~ 7t sample, the latter the statistical uncertainties of the detection
asymmetry Ap(K~n") and the raw asymmetry Ay (K~ 7"). The correlation has to
be determined if both results are used in a fit to extract other physics parameters, e.g.,
when calculating Acp(n~ ") from the difference of AAcp and Acp(K~K™).

8.2.4 Validation of the kinematic weighting

The weighting method presented in Chapter [8.1] adjusts the kinematic distributions of
all decay channels such that momentum-dependent nuisance asymmetries cancel in the
difference of two raw asymmetries. The weights are taken from distributions with a
limited number of dimensions and a finite number of bins. Therefore, the systematic
effect of this imperfect weighting is studied with pseudo-experiments.

The effect of the weighting can only be tested when the same kinematic correlations
as in data are generated. Thus, the correlations are taken directly from data. For
each individual pseudo-experiment the data samples are taken and the same weighting
procedure as in the Acp(K~ K1) measurement is applied. The same reconstructed D
mass is used as well. The tags of D candidates, this means if they are a DY or D
candidate and a D" or D~ candidate, is randomised. The randomisation is performed
according to artificial asymmetries which emulate production and detection asymmetries.
Therefore, the artificial asymmetries depend on the kinematics of all involved particles.
The simulated asymmetries mimic the observed behaviour of the raw asymmetries that
are shown in Chapter [7.4] They are listed in Table The pseudo-experiments assume
that production and detection asymmetries sum up.

As an example DT — K~ 777" decays are discussed. For each event the asymmetry
is calculated according to

Araw(K_W+7T+)(pT(Di)ap(K:F)vpT(Tri)) =
Ap(D*)(pr(DF)) + Ap(K ™7 ") (p(KT)) + Ap(n ™) (pr (7))

where the kinematics are taken from that particular event and the functional behaviour
is given in Table 82l A random number between zero and one is drawn. If the number
is larger than (1 — Aoy (K -7 7 ) (pr(D%), p(KF), pr(nF))), the event is tagged as a

Table 8.2: The functions of the simulated asymmetries in the pseudo-experiments.

Asymmetry Function

Acp(K~K™) —0.5 %
—Pr(*)

Ap(DH) (—2.2 00NN — ().2) %
_—PTB)

Ap(B) (—1.7 e5000MF7e 40.0) %
DT

AD(W+) (—0.9 e500Ma7e 4 0) %
_ (Ki)

Ap(K— ™) (—3.5 emonaze — (.4) %
—PT®*)

Ap () (—0.6 e ™MV 4 0.0) %
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DT candidate. If the number is smaller, the event is tagged as a D~ candidate. The
other decay modes are equivalently treated according to the contributions of their raw
asymmetries, cf. Chapter [5| It should be pointed out that this method assumes that
the involved asymmetries are small and, thus, higher order corrections are negligible.
Given the observed asymmetries, this assumption is very well justified.

In the following the 2012 magnet up sample is used as input to the pseudo-
experiments. Only one sample is considered as this study is computationally intensive.
The raw asymmetries are fitted with the default procedure. The results for each raw
asymmetry and the measured CP asymmetry are shown in Figure before and after
the weighting. As expected, the sensitivity decreases due to the weighting, but there is a
systematic shift between the weighted and the unweighted fit result. The central values
of the raw asymmetries are approximately compatible with the raw asymmetries shown
in Table Also the difference between the weighted and the unweighted result is
similar to what is obtained in data. This is shown later in Table in Chapter
when the results of the Acp(K~ K ™) measurement are presented. The largest systematic
shift is observed in the D — K7t sample. This is expected as the weighting procedure
removes a large part of this sample at low p of the DT candidates. The weighting
of the semileptonic modes has negligible effect as there are little differences in the
kinematic distributions and only a small muon detection asymmetry is simulated. This
is also taken as a confirmation that the AAcp weighting procedure is sufficient. It is
important to point out that the unweighted Acp(K~K™) result is shifted by 0.14%,
while the weighted one is shifted by only 0.03%.

The residual bias of 0.03 % is taken as systematic uncertainty due to the imperfect
weighting. Further systematic studies regarding the weighting procedure are discussed
in Chapter There, the strategy is varied on data and deviations from the default
procedure are used to extract additional systematic uncertainties.
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Figure 8.20: The results of the pseudo-experiments dedicated to the weighting procedure.
The fitted asymmetries for each raw asymmetry measurement are shown in (a),(b),(c) and
(d). (e) shows the result of Acp(K~K™). (f) the according pull distribution. In total 600
pseudo-experiments are generated. The kinematic weights of the 2012 magnet up sample are
used. In Figure both distributions overlap as no weighting is applied.
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8.3 Summary

The effect of momentum-dependent production and detection asymmetries is considered
by the presented kinematic weighting procedure.

The kinematic weighting reduces the statistical power of a sample. The effect on
the statistical uncertainty is accounted for by renormalising every weight with a global
renormalisation factor which depends on the weights:

N
Wit = i Wi
eff — N 5

D i1 W

In the AAcp measurement the kinematic weighting adjusts the kinematic distribu-
tions of D’ — K~ K™ candidates such that they match the distributions of D°— 77+
candidates. Then, detection and production asymmetries cancel in the difference of
the two raw asymmetries. The statistical power of the DY — K~ K™ sample is reduced
by 8 %.

The weighting procedure of the Acp(K~K™) measurement is more involved as the
kinematic distributions of four channels have to be harmonised:

e First, the D' — K ~nt sample is weighted with respect to the D’ — K~ K+
sample to match the kinematic distributions of muon and B candidates. Due to
the good agreement even before the kinematic weighting, the statistical power of
the D°— K 7T sample is reduced by only 3 %.

e Second, the DT — K~ 77" sample is weighted such that the distributions of
kaons and Slow pions of D’ — K~ 7+ and D* — K ~n"n" decays are in agreement.
The statistical power of the DT — K~ 77+ sample is reduced by 50 %. The final
precision on Acp(K~KT) is almost unchanged due to the large abundance of
Dt — K~nt7nt candidates.

e Third, the DT — K%zt sample is weighted to cancel the Trigger pion and the D+
production asymmetry in the difference of A (K~ 777 1) and Apaw(K°71). In
this step the overlap of the unweighted D* — K~ 7t7T and DT — K%t samples
is small. Therefore, the effective yield is reduced by 78 %. This has a large effect
on the final uncertainty on Acp(K~K™).

Each step takes the kinematic weights of the previous into account.

The correct uncertainty coverage of the binned maximum-likelihood fits with kine-
matic weights is tested with pseudo-experiments. Pseudo-experiments are performed to
determine the correlation of a weighted and an unweighted sample. The cancellation of
the production and detection asymmetries after the kinematic weighting is studied with
pseudo-experiments. There, momentum-dependent asymmetries which are motivated by
the observed asymmetries in data are simulated. A small residual asymmetry, 0.03 %, is
found for the Acp(K~ K™) measurement.
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CHAPTER 9

Neutral kaon asymmetry

The initial flavour of a neutral kaon is defined in the Cabibbo-favoured D+ — K%zt and
D~ — K%7~ decays. The D meson decay involves a c— s transition and the D~ meson
decay a ¢— 5 transition. However, the mass eigenstates of the neutral kaon system are
the KQ and K? states, cf. Chapter This leads to a mixing of the K° and K
states. The neutral kaon candidates are reconstructed in the CP eigenstate 777 ~. As
the mass eigenstate K{ is not a CP eigenstate, the decay K?— 77~ is CP violating
Additionally, K° and K mesons have different absorption rates in the detector material,
equivalently to charged kaons. The effects of mixing, CP violation and absorption
interfere due to coherent forward scattering. Thus, the time evolution of neutral kaons
while traversing the LHCb detector is modelled and the contribution of the neutral kaon
asymmetry Ap(K?) to the raw asymmetry Aay(K7T) is determined.

First, the experimental aspects of K reconstruction are introduced. Second, the
formalism of neutral meson mixing in matter is discussed. Third, the expected asymmetry
is calculated with the developed model. Fourth, the expectation is compared with the
measured asymmetry. The last section gives the correction needed for the Acp(K~K)
measurement.

9.1 Reconstructed Kg decays

Despite their name K9 mesons have a rather large lifetime on the LHCb scale. Only
a third of the reconstructed decays occur inside the VELO. These K9 decays can be
reconstructed with two long tracks. Those which decay between VELO and TT are
reconstructed with two downstream tracks[] Only the decay to the symmetric final
state 7T~ is considered as it has the highest branching fraction, about 70 %, and does
not introduce a detection asymmetry. K° mesons have a much larger lifetime and very
few decay before the TT.

The decay-position distribution and the amount of traversed material is shown
for both categories in Figure [0.1] The thickness of the traversed material is quoted
in terms of the nuclear collision length, cf. Chapter About 25% of the long-
reconstructed K candidates decay in the LHC vacuum before they reach the RF foil,
without passing any material. The RF foil and the VELO material contribute to the
amount of material seen by the other 75 % long-reconstructed K? candidates. The

! As a reminder, the combination of two long tracks is referred to as long-reconstructed, the combina-
tion of two downstream tracks as downstream-reconstructed. The different track types are defined in

Chapter
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Figure 9.1: The reconstructed K? decay vertex position, R and Z, the thickness in nuclear
collision length d/Ar and the decay time distributions, separately for long-reconstructed (LL)
and downstream-reconstructed (DD) candidates. The RF foil is located at R = 8 mm, the VELO
ends at z &~ 1m, the TT starts at 2.2m. RICH1 is situated between VELO and TT. The decay
time is given in terms of the K lifetime 7.

downstream-reconstructed KO candidates traverse additionally the material of RICHI.
The reconstructed decay time of long-reconstructed K2 candidates is significantly smaller
than one K9 lifetime, while that of downstream-reconstructed candidates goes up to
three lifetimes.

9.2 Asymmetry formalism

The phenomenology of mixing and CP violation in a neutral meson system is given in
Chapter Here, the formulas are adapted to the common notation in the neutral
kaon system. The effective Schroedinger equation of neutral kaon mixing in vacuum

can be written as?
-, e

2The convention i = ¢ = 1 is used here to simplify the formulas.

164



9.2. Asymmetry formalism 165

where M and T' are hermitian matrices describing mixing and decay of K° and
K° mesons. The eigenstates of (M -3 ) are the known K? and K states. They are

given as

1+ K" +(1-0[E"]

52 = e | (9:2)
K2) = s [+ O IK) = (=9[R ]

where € is the parameter describing CP violation in kaon mixing. The lifetime of neutral
kaons is large enough that they can traverse significant amounts of material before
they decay. The interaction of K? and K" mesons with matter can be written as a
differential equation:

(\Ko (t) >> B <x 0> <\K0(t)>) :X(‘Ko(t») 0.3)
0 = ~ 770 = 770 ’ :

dt ‘K t > nuc 0 X ‘K (t>> nuc ‘K (t)> nuc

where the complex numbers y and ¥ are related to the interaction of K° and K° mesons

with matter. The real part of x describes phase shifts (dispersion) and the imaginary

part absorption in the material. Equation[0.1]and[0.3]are combined to account coherently

for the effects of mixing, CP violation and absorption. The full equation of the time
evolution of neutral kaons in matter is given by

(K@) _ i [K°(2)
i (o) = (=37 4%) (o) 09
The problem of Equation is neither diagonal in the K° and K basis nor in the K2 and
K? basis. Therefore, K and K states are no longer mass eigenstates and transitions
between the two states are possible. This effect has been known as regeneration since
1955 [76]. It is used in neutral kaon experiments as it allows to regenerate K mesons
from a pure K beam by sending the beam through a material. In the context of this
analysis it is a nuisance.
The time evolution of an arbitrary neutral kaon state, \TI, in matter in the K¥ and
K basis is then given by the following equations [77}[78]:

‘\f/(t)> = o (t) |[K?) + as(t) |K?)  with (9.5)
aL(t) = e =1 {aL(O) cos (Qt) — a:(0) A)\Q—gas(O) AX sin (Qt)] , (9.6)
as(t) = e ! [as(O) cos (Qt) + Zas(O) A)\Q_QQL(O) AX sin (Qt)] , (9.7)

where the complex constants Q) = %\/A)\Q +Ax2 and ¥ = %()\L + As + x + X) describe
mixing and absorption. They are given by the masses, my s, decay widths, I'; g, of the
K? and K states and the absorption coefficient x () of KV (K) states by means of

2N 9 J\/ i
AX = X—X=-—SAf=-"2(0—F) (9.9)
m m
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where N is the scattering density of the material, m the kaon mass, and f and f are
the forward scattering amplitudes.
The imaginary part of Af is related to the total cross section via the optical theorem:

4
ot = ?ﬂ Imf , (9.10)

where p is the momentum of the neutral kaon. Similar to charged kaons, the K° and
K interaction cross section depends on the momentum, p, of neutral kaons and on the
number of nucleons, A, in the target. It is taken from Reference [79] as

23.2 AO.?SSi0.00S

[p(Gev/e P ™

The real and the imaginary part of Af need to be known. The phase of Af has been
determined in References [79,/80] to be arg Af = (—124.7 £ 0.8)°.

The formalism of Equations [0.5] to includes two effects. First, the incoherent
absorption and elastic scattering of K and KV states is given by Im(Af). This effect is
equivalent to the case of charged kaons. Second, the term Re(Af) describes a dispersion
(relative phase shift) of K° and KV states. Both effects lead to a mixing of K and K?
states.

At production, the flavour of the K% meson is defined. A K° state is produced in
the decay of a D' meson and a KV state in the decay of a D~ meson. The two pure
states at production are given in the K and K basis as

Ac(K°N) = 0(K°N) — o(K°N)

(9.11)

1+ |e|?
IK0) = ;FH 1i6“K8>+‘KS>} : 012)
_ 2 )
i) = VIR gty k)]

which defines the initial amplitudes oy, 5(0) at ¢ = 0 for the initial K° and K° states.

The considered final state 77~ is a CP-even eigenstate, CP |[7t7~) = [7t7~). The
mass eigenstates K and K¢ are no pure CP eigenstates. They can be written in terms
of the CP-even eigenstate, K, and the CP-odd eigenstate, K9, as

o\ __ 1 0 € 0
|KL> - \/W (‘K2> + ‘Kl>) ) (9.13)
IKD) = ——— (|K?) +¢|KD)) -

V1 Je?

Using Equation yields that the decay rate of an arbitrary state \Tl, defined in
Equation to a CP-even final state is proportional to

las(t) + eay(t)? (9.14)
at a given time t. The time-dependent asymmetryﬂ is then defined as

DK = ntr)(t) — T(Ky— 7rm)(t)
D(KY_ — ntr=)(t) + (K, — mt7)(1)

alt) = , (9.15)

3The definition has the opposite sign to the usual convention in order to be in agreement with the
charged kaon asymmetry.
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Table 9.1: Values of the parameters used to calculate the neutral kaon asymmetry |16},
79,180].

Parameter Value

Am (0.5293 4 0.0009) x 10194~ !
75 = 1/Tg (0.8954 4 0.0004) x 107105
mn=1/T, (5.116 - 0.021) x 107%s
m (497.614 + 0.024) MeV/c?
arg(Af) (—124.7£0.8)°

le| (2.228 4 0.011) x 1073
¢ =arge (43.51 £ 0.05)°

Ac(KON)  23.2 AOT8E0003 [ GeV/e)| 7% mb

where T'(KY_, — 7t77)(t) is the time-dependent decay rate of an initial K° state
and (K, — 777 )(t) the time-dependent decay rate of an initial K° state. The
time-integrated asymmetry is given by

B fooo e(t) [F(I??:0—> 7t )(t) — F(K?:0—> 7T+7T_)(t)] dt

A= fooo e(t) [F(I?gzoﬁ atr o) () + DK, — 7T+7T_)(t)] dt

, (9.16)

where ¢(t) is the decay-time acceptance of K mesons. All parameters used in the
calculation are given in Table 0.1} The decay-time acceptance is treated separately as it
depends on the selected K sample in data.

The different parts of the time-dependent asymmetry are shown in Figure A
simplified model is used in these figures, the LHCb detector is modelled by a constant
material distribution with a density corresponding to 2% of that of aluminium and an
average K meson momentum of 30 GeV/c is assumed. Later, the full detector geometry
is used to get quantitative results. Two different decay-time ranges are given. The range
of 0 — 2575 is only shown for illustrative purposes as K decays which are reconstructed
by the LHCb detector rarely exceed 4 7. At small decay times the asymmetries due to
absorption and CP violation increase linearly with time. Both are of the same order
and have the same sign. The interference term has little effect below 2 75. After that it
significantly affects the asymmetry and cannot be neglected.

Figure [9.3| shows the time-integrated asymmetry for the same simplified detector
model. Here, the decay-time acceptance is modelled by a step function which starts at 0
and ends at tax. As shown in Figure K g mesons reconstructed with two long tracks
probe decay times between 0 and 0.5 75, while downstream-reconstructed candidates
go up to 475 . Thus, the expected time-integrated K° asymmetry is around 0.5 % for
downstream-reconstructed candidates and smaller than 0.1 % for long-reconstructed
candidates. The application of the method to the reconstructed DT — KT samples
is discussed in the next section.
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Figure 9.2: The time-dependent neutral kaon asymmetry for (a) large and (b) small KO decay
times. The underlying model assumes an average K momentum of 30 GeV/c and a constant
material distribution.
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Figure 9.3: The time-integrated neutral kaon asymmetry. The integration is performed from 0
t0 tmax. The underlying model assumes an average K{ momentum of 30 GeV/c and a constant
material distribution.

9.3 Calculated asymmetry for data samples

The material in the VELO and the RICH is not homogeneously distributed. There
are several detection layers with different materials and vacuum or air in between.
Therefore, the flight path of a particle is divided into sections, see Figure [9.4] The
detector geometry as it is implemented in the event simulation and reconstruction is
used. The amplitudes oy, s(t,) are calculated for a time difference ¢,, — t,,—; with the
start values oy, s(t,—1) = ay,s(0) according to Equation

as(ty) = ag(ty —th—1) with ayg, s(0)
ay(ty) = oty —th—1) with ag ¢(0)

=aLs(th-1) , (9.17)
=aLs(th—1) - (9.18)
The iterative calculation of o and oy, is performed with initial K° and K° states for
the flight path of every K{ candidate in the DT — K%r™ samples recorded by the
LHCD experiment. The usage of K candidates selected in data takes automatically
the decay-time acceptance of reconstructed K? decays into account. The expected
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Figure 9.4: The flight path of a neutral kaon through detector material. The iterative procedure
to obtain the amplitudes a4, s is depicted. In this simplified picture the blue boxes have a
different number of nucleons A than the space in between.

Table 9.2: The calculated asymmetry Ap(K°) including systematic uncertainty due to the
uncertainty on the material budget. Weighted means that the long-reconstructed sample is
kinematically weighted in the D kinematics to match the downstream-reconstructed sample,
see Chapter for more explanation.

Sample Ap(K°®) [%]  Systematic [%]
Long 2011 —0.0796 £ 0.0001 +0.005
Downstream 2011 — -

Long 2012 —0.0822 £+ 0.0001 +0.005
Downstream 2012 —0.6191 £ 0.0007 +0.027
Weighted Long 2012 —0.0732 £+ 0.0001 +0.005
Difference Down—Long 2012 | —0.5459 4+ 0.0007 +0.027

time-integrated asymmetry of a Kg sample is then given as
N
Ap(K®) = 5> ajty) (9.19)
j=1

where N is the number of K? candidates in the sample and a;(t;) is the expected
asymmetry of candidate j with decay time ¢; according to Equation

In Table the calculated asymmetries are shown. There was no dedicated trigger
line for downstream-reconstructed Dt — K%zt decays in 2011. Therefore, the calcu-
lation is split up for the samples of 2011 and 2012. It is also checked that magnet up
and magnet down samples give consistent results. The calculated asymmetry is about
(—0.08 %) for long-reconstructed K? decays. The asymmetry of 2012 is a bit larger
than that of 2011. This is due to slightly looser trigger requirements in 2012 which
shift the K momentum distribution to lower values. The calculated asymmetry of the
downstream-reconstructed sample is (—0.61 %). The difference between the downstream-
and the long-reconstructed samples is about (—0.5 %) due to the larger average decay
time and the traversed material of the downstream-reconstructed sample.

The quoted systematic uncertainty of this calculation is coming from the knowledge
of the material budget in front of the TT. This is known to an accuracy of about
10% [81]. The uncertainties on the other input values are negligible in comparison,
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Figure 9.5: The raw asymmetry of D¥ — K%zt candidates and the predicted Ap(K?°) as
function of the K decay times for long- and downstream-reconstructed samples. The full
data set is used for the long-reconstructed sample, while a downstream-reconstructed sample is
only available in the 2012 data. The predicted asymmetry is shifted by the average difference
of measured and predicted asymmetry, to account for spurious detection and production
asymmetries. The p-value for the hypothesis that predicted and observed asymmetry have the
same slope is given.

see Table Hence, the relative systematic uncertainty is about 5% as the effects of
CP violation and absorption contribute in almost equal amounts to the neutral kaon
asymmetry Ap(K?).

As the neutral kaon asymmetry is a large contribution to the raw asymmetry in
the downstream-reconstructed Dt — K97+ sample, this sample is not used in the
Acp(K~K™) measurement. However, in order to not rely on the on the quoted material
budget uncertainty, the downstream-reconstructed K sample is used to study the
systematic uncertainty of the correction applied to the long-reconstructed Dt — K97+
sample. This is discussed in the next section.

9.4 Comparison of observed and expected asymmetries

The neutral kaon asymmetry depends on the reconstructed decay times and the amount
of traversed material of the K? candidates, as discussed in the previous section. In
order to test the described model, the raw asymmetry is determined in bins of both
quantities for the long- and the downstream-reconstructed sample and compared with
the predicted asymmetry in a given bin.

The raw and the predicted asymmetries are shown as function of the K¢ decay time
in Figure for long- and downstream-reconstructed samples. The raw asymmetries
have contributions from the DT production and the pion detection asymmetry, while
the neutral kaon asymmetry vanishes for zero decay time. This overall offset is taken
into account by shifting the prediction by the averaged difference of raw and predicted
asymmetry. Only differences in the shape are of interest here. The shift is approximately
consistent with the measured DT production asymmetry of (—0.96+0.26 (stat) +0.18 %)
[39], assuming a negligible pion detection asymmetry [61], cf. Chapters and
The raw asymmetry follows the predicted downward trend in both samples. The effect
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Figure 9.6: The raw asymmetry of D¥ — K%zt candidates and the predicted Ap(K°) as
function of the amount of traversed material in nuclear collision lengths for long- and downstream-
reconstructed samples. The full data set is used for the long-reconstructed sample, while a
downstream-reconstructed sample is only available in the 2012 data. The predicted asymmetry
is shifted by the average difference of measured and predicted asymmetry, to account for other
detection and production asymmetries. The p-value for the hypothesis that predicted and raw
asymmetry have the same slope is given.

is particularly visible in the downstream-reconstructed K sample. The p-values which
are 0.81 and 0.31 for long- and downstream-reconstructed KU candidates, respectively,
show that the predicted asymmetries agree well with the data.

The projection into bins of the amount of traversed material is shown in Figure
The same trends are visible as decay time and flight distance of a K? candidate are
correlated. In the projection into bins of the K decay time material effects are smeared
out. Thus, the difference of observed and expected asymmetry in bins of the thickness
is more sensitive to a mismodelling of the detector geometry. The detector geometry is
less precisely known than the parameters of CP violation in the neutral kaon system.
Nevertheless, the agreement is quite good which gives confidence in the predicted
asymmetry. The p-values for long- and downstream-reconstructed K¢ candidates are
0.32 and 0.09, respectively.

The uncertainty on the model for Ap(K?°) has to be quantified. Therefore, the raw
asymmetries of the 2012 samples are determined, see Table The long-reconstructed
Dt — K%t sample is weighted to match the kinematic distributions of the down-
reconstructed sample in order to cancel the DT production and the pion detection
asymmetry in the difference of both raw asymmetries. The kinematic weighting is
similar to the one discussed in Chapter The measured difference between both
samples is (—0.486 £+ 0.118) %. This is in very good agreement with the expected
difference of (—0.546 + 0.027) % from the previous section. The expected difference
takes the kinematic weighting into account and the uncertainty is given exclusively by
the material-budget uncertainty. The ratio of the expected and measured difference is
(1.12 £ 0.28). The relative uncertainty of 25 % is assigned as a systematic uncertainty of
the K? asymmetry model.
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172 9. Neutral kaon asymmetry

Table 9.3: The measured raw asymmetries of long- and downstream-reconstructed DT — K%z
candidates in the 2012 data set. The long-reconstructed sample is weighted to match the
kinematics of the downstream-reconstructed sample.

Sample Araw(K0ﬂ+) (%]
Long 2012 —0.8189 £+ 0.0779
Downstream 2012 | —1.3051 £ 0.0889
Difference —0.486 £+ 0.118

9.5 Correction applied to the Acp(K~K™) measurement

The correction due to the neutral kaon asymmetry depends on the KO kinematics
of the DT — K" sample which is used in the Acp(K~K*) measurement. This
changes with respect to the sample used in this chapter due to the kinematic weighting
procedure described in Chapter Thus, the kinematic weights of the Acp(K~ K™)
measurement are taken into account in the calculation of Ap(KY), cf. Chapter The
corrected detection asymmetry Ap(KY) is found to be

Ap(K°) = (—0.054 + 0.014 (syst)) % |,

where the systematic uncertainty is due to the difference between data and prediction,
cf. Chapter It has been checked that the calculated values of the 2011 and 2012
data samples are in agreement.
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CHAPTER 10

Wrong flavour tags

The flavour tag of the DY candidate by the muon charge is not unambiguous. The
combinations of real DY mesons with muons that do not originate from the same
b— ¢~ Uy transitions lead to a background contribution. This contribution peaks in the
DY mass, but can give the wrong flavour tag. Possible background sources are prompt
D mesons where the other D meson decays semileptonically or secondary DY mesons
where the muon is from the decaying other b hadron in the event. Prompt D mesons
have a large production cross section but are effectively suppressed by the selection, cf.
Chapter @ The wrong combination of a secondary muon and a secondary D° meson is
mainly suppressed by the constraint to form a common B vertex. Impact parameter
cuts are less effective in that case as the trajectories of DY and muon candidates are
displaced from the primary vertex. Any residual contribution with wrong flavour tags
damps the observed CP asymmetry. Therefore, the probability to assign a wrong flavour
tag is measured, the so-called mistag probability.

First, the effect of wrong flavour tags on the CP asymmetry measurement is dis-
cussed. Second, two methods to determine the mistag probability are introduced.
Third, the results of the mistag probabilities are given for the AAcp and Acp(K~K™)
measurements.

10.1 Formalism

The probabilities to wrongly tag a D° or D meson with a positively- or negatively-
charged muon are defined with respect to the reconstructed semileptonic B candidates
as

wpo = P (ut—tag|Diye A (B— D)) (10.1
wro = P (u —tag|Dpye A (B— Dp)o.) - (10.2)
Hence, a B— D%~ or a B— D%t candidate is reconstructed but the real flavour
of the neutral charm meson is the CP-conjugate of the tagged flavour. The observed
yields, N(f,u~) and N(f,u"), of muon-tagged D° — K~ K+ and D°— 7~ 7" decays
from Equation are modified to
N(f, i) o (1= wpo) T(D® — f) P(B)e(u™) +wpo (D" = f)P(B)e(™) |

N(f, 1) o (1 = wgo) T(D° = ) P(B) e(u™) + wpo T(D° — f)P(B)e(u™) | (10.3)
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174 10. Wrong flavour tags

in the presence of the mistag probabilities wpo and wpo. With the following definitions
of the average mistag probability, w, and mistag difference, Aw,

w = 700[)0;&]50 ) (10.4)

Aw = wpo—wpo , (10.5)

and neglecting terms of third-order in the asymmetries, the raw asymmetry of
D% — KKt and D°— 7~ nt samples can be written as

Araw = (1 = 2w) [Acp + Ap(B)] + Ap(p™) — Aw (10.6)

where Acp is defined in Equation Ap(B) in Equation and Ap(u~) in Equa-
tion

Wrong flavour tags have two consequences. First, the average mistag probability w
reduces the sensitivity to CP and production asymmetries. The muon detection asym-
metry is not affected as the charge of the muon is unambiguousﬂ Second, any difference
in the mistag probability for D° and D° mesons gives rise to a systematic shift of the
raw asymmetry. Both effects are expected to be independent of the DY final state as
they are connected to the reconstruction of the muon in the final state or background
contributions from the rest of the event. For example, the mistag difference Aw can be
a consequence of background sources affected by a muon detection or DY production
asymmetry. Therefore, Aw is expected to largely cancel in the difference of two raw
asymmetries. The formula to obtain AAgp is then modified as follows

Araw(K_K+) - Araw(ﬂ-_ﬂ-—’—)

Adeop = 1 — 2w

(10.7)

The Acp(K~ K ™) measurement uses the muon-tagged D — K~ 7+ sample to cancel
Ap(B) and Ap(p~) in the difference of Ay (K~K™1) and Apayw (K~ 71). Also in the
D® — K—rt sample the tag is given exclusively by the muon charge, equivalently to
muon-tagged D° — K~ K7+ and DY — 7~ 7" candidates. The charges of the final state,
K~nt or K*t7~, are not considered. Still, the final state K*7¥ contains information
on the initial state as about 99.7 % of the decays are Cabibbo-favoured D — K7™
and DY — K7~ decays. However, using the charges of the final state would break
the assumption of universal mistag probabilities among the muon-tagged D° decays.
Neglecting third-order terms in the asymmetries, the raw asymmetry of the D° — K ~r+
decay mode is given by

Araw (K™77) = (1= 20)Ap(B) + (1 = 2(w+ R)Ap(K 7at) + Ap(p~) + Aw , (10.8)

where R is the ratio of branching fractions of right-sign D° — K~ 7t over wrong-sign
DY — K*7~ decays. The ratio R contains the fraction of doubly Cabibbo-suppressed
D® — K*r~ decays and a time-dependent contribution from mixing. The sum of wrong-
sign decays and mistagged candidates leads to a damping of the detection asymmetry
Ap(K~7t). The CP asymmetry Acp(K~K™) is then obtained as

Araw(K*KJr) — Araw(K*ﬂJr) 1-2(w+ R)
_|_
1—2w 1—2w

ACP(K_K+): AD(K_F+) . (10.9)

!The effect of wrongly measured charges can be neglected here. It affects only very high momentum
muons, e.g. from W* or Z° decays.
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10.2. Methods to determine mistag probability 175

It should be pointed out here that the measured raw asymmetries are all at the per
cent level or smaller, see Chapter In the following section the mistag probability
is determined to be approximately 1%. Therefore, the mistag probability leads to very
small corrections. Neglecting third-order terms in the asymmetries and the mistag
probability, Equation and can be written as

AdAcp = (14 2w) [Araw(K K1) — Apaw(m77)] (10.10)
Acp(K™KT) = (14 2w) [Araw (K~ K") — Apaw (K" 77)] + (1 = 2R)Ap(K ") .
(10.11)

10.2 Methods to determine mistag probability

The mistag probability is measured directly in data with the D® — K—7t sample and
transferred to the other channels. This assumes a universal mistag probability for
muon-tagged decays. Two methods are exploited to measure the mistag probability.
Both are based on using a different method to unambiguously tag the candidate. One
has the advantage that it uses the full D° — K—7+ sample and, thus, is very precise.
The other is less precise but can be applied to all muon-tagged D° samples.

‘Wrong-sign method

The first and default method uses the final state of the D° decay. A D° meson mainly
decays to K~ as this is the Cabibbo-favoured decay. These events are called right-sign
events. A small fraction of D° mesons decays doubly Cabbibo-suppressed to K7~ or
mixes and then decays. The time-dependent ratio of wrong-sign decays is well known
and has been measured separately for D and D° mesons by the LHCb collaboration in
Reference [82]. The mistag probability can be measured by determining how often the
tag by the muon charge labels the decay as wrong- or right-sign. In order to distinguish
between first, real right- and wrong-sign decays and second, reconstructed right- and
wrong-sign decays, the combinations of KT 7% and u¥ are called muon-right-sign, the
combinations K* 77 and u* are called muon-wrong-sign. The mistag probabilities w 50
and wpo are then given by

N(K— 7t and u™)
N(K—nt and (ut or p=))
N(K*r~ and p™)

_ — R 10.1
“p° N(K*7r— and (ut or pu~)) B (10.13)

wpo = - RY (10.12)

where the first term describes the muon-wrong-sign ratio. The parameters R* and
R~ are the wrong-sign ratios of D? and D decays, respectively. The measurement of
the yields N is discussed in Chapter Different wrong-sign ratios Rt and R~ are
used to get a better estimate of the mistag difference Aw. For the measurement of the
average mistag rate w this is not important.

In the limit of small mixing parameters = and y the time-dependent ratio R¥(¢) is
given by [82]

¢ 12+ 2+ /N2
RE(t) ~ Rp + /Ry y'™ ~ + % <T> , (10.14)
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176 10. Wrong flavour tags

Table 10.1: The D° mixing parameters as measured in Reference [82]. Reported uncertainties
and correlation coefficients include both statistical and systematic sources.

Direct and indirect CP violation

Results Correlations

Parameter Fit value R} e x?t R;, Y~ x'?=

RY 1073 3.545+£0.095 1.000 —0.942 0.862 —0.016 —0.007  0.006
Yyt [1079] 514 1.4 1.000 —0.968 —0.007  0.007 —0.007
22+ [1079] 4.9+7.0 1.000  0.005 —0.007  0.008
R, [107%] 3.591 +0.094 1.000 —0.941  0.858
Y~ [1079] 4.5+1.4 1.000 —0.966
z?~ [1079] 6.0+7.0 1.000

No CP violation

Results Correlations
Parameter Fit value Rp ' z?
Rp [107%] 3.568 £0.066 1.000 —0.953  0.869
Yy [1073] 4.841.0 1.000 —0.967
2’2 [1077] 554+4.9 1.000

where t is the decay time, 7 the average D lifetime and Rp the ratio of suppressed-
to-favoured decay rates. The parameters 2’ and vy’ are linear combinations of the
mixing parameters x and y introduced in Chapter Further information is given in
Reference [82]. The measured parameters and their correlations are given in Table m
Assuming no decay-time acceptanceﬂ the average values, Rt = (R*(t)), are given by

2+ 12+
Ri:Rgﬂ/Rjgy’Jr% . (10.15)
Using the values from Table R™ is calculated to be (0.3886 4 0.0047) % and R~ is
(0.3901 £ 0.0046) %. The value of R assuming no CP violation is (0.3894 + 0.0030) %.
A better treatment of the decay-time acceptance leads to negligible corrections, as the
measured mistag probability and the asymmetries are around 1%.

D** method

Many B — D°X decays proceed via the D** resonance and a large fraction of prompt
DY mesons originates from this resonance as well. The D** resonance has a branching
fraction to DO7F of (67.7 4 0.5) % [16]. The decay topology of such reconstructed
B candidates is shown in Figure In the following the pion from the D** resonance
is called Slow pion. The reconstruction of the Slow pion provides an independent
tag of the DY flavour. As the D*¥ resonance is fully reconstructed with a D? and
a pion candidate, this tag is unambiguous. The second and independent method to

2It has been checked that muon-tagged D° decay times have an almost flat decay-time acceptance.
This can also be deduced from Figure
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Figure 10.1: The decay topology of a B— D**u~ X decay. The charges of the K pair and
the charge of the Slow pion provide a second tag of the D° flavour.

determine the mistag probability compares the charge of the muon candidate with the
Slow pion charge. If both have opposite sign the flavour is tagged correctly. The mistag
probabilities are then given as

N(D** and u™)
N(D**+ and (pt or u™))
N(D*~ and pu™)

— = 10.17
Do N(D*= and (ut or p=)) ’ ( )

(10.16)

Wpo =

where N denotes the observed signal yield. The sub-sample where a Slow pion and a
muon candidate are reconstructed is referred to as doubly-tagged.

The advantage of the D** method is that it can be applied to the muon-tagged
D’ K~K*, D’ — n~nt and D°— K—7t samples. This is crucial as it has to be
verified that all channels have consistent mistag probabilities. Otherwise, the effects of
the mistag probability would not cancel in the difference of raw asymmetries.

The disadvantage of this method is that it probes primarily the B decays in the
sample and not so much the BT decays. The semileptonic decay of a B meson to a
D meson needs at least one additional particle to conserve the electric charge while
this is not the case for the decay of B? mesons. Thus, it is more likely that a B% meson
decay proceeds via the charged D** resonance than a Bt decay. About 90 % of the
doubly-tagged candidates come from B° decays and only 10 % from Bt decays. The
event yield is further reduced by the Slow pion reconstruction efficiency. In the end
about 10 % of the sample have an additional Slow pion tag. The doubly-tagged sub-
sample has slightly different kinematic distributions of the muon and D candidates, cf.
Appendix Mainly the 7 distributions are affected. This could lead to a different
mistag rate in the doubly-tagged sample. It is shown in the next section that both the
wrong-sign and the D** method yield very consistent results.

The selection of the doubly-tagged sample is explained in the following. First of all,
the doubly-tagged samples are strict sub-samples of the muon-tagged samples. The
selection cuts are given in Table No impact parameter cuts are applied to the Slow
pion candidate as these would reject a possible contribution from prompt D° decays.
Loose momentum and track quality requirements reject mainly ghost tracks and very
low momentum background contributions. The decay tree of each D*T candidate is
fitted with the DTF, cf. Chapter It is required that x2,../ndf(D*T) < 10.
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178 10. Wrong flavour tags

Table 10.2: The selection of D** candidates is given.

Variable Cut value
pr(nt) > 150 MeV/c
Xirack/ndf <3
Pirack(ghost) < 0.5
x?/ndf(D*T) [0, 16]

DTF X\gzertex/ndf(D*+) [07 10]
m(D*) [1890, 2130] MeV/c?
Am [139.5, 160] MeV/c?

The D** resonance has a mass of (2010.28 & 0.13) MeV/c?. Only candidates with a
reconstructed mass between [1890,2130] MeV/c? are accepted. As the D** mass is only
6 MeV/c? above the mass threshold of the DYzt pair, the Q value of the decay is very
small. Therefore, the mass difference, Am = m(D*T) — m(D°), has a very sharp peak.
Only candidates with a reconstructed Am in the range [139.5,160] MeV/c? are used.
Furthermore, the distribution of Am is used to extract the signal yields. Due to the
large abundance of pions in pp collisions, there are often several Slow pion candidates for
each D° candidate. As only one Slow pion in an event can originate from the D** decay,
the D** candidate with the best DTF x2,,./ndf(D*") is selected.

10.3 Measurement of mistag probabilities

The measurement of the mistag probabilities with the two introduced methods is
presented.

Wrong-sign method

The muon-wrong-sign ratio is extracted from fits to the invariant mass distributions of
D — K7 candidates. Almost the same fit model as for the asymmetry measurement
which is described in Chapter is used. The muon-right- and muon-wrong-sign
events share the same signal shape, including the mean of the mass distribution. The
background parameters are independent. The only change between the raw asymmetry
fit and the muon-wrong-sign ratio fit is that the muon-wrong-sign ratio instead of the
raw asymmetry is used as a parameter in the PDF:

Nsig,right = Nsig (]- - (w + R)) s (1018)
Nsigwrong = Nsig (w+ R) (10.19)

where w+ R is the total muon-wrong-sign ratio, including wrongly-tagged and wrong-sign
candidates, Ngg is the total number of signal candidates, Nig right and Niig wrong are
the corresponding yields of rightly- and wrongly-tagged candidates. The ratio wpo + R
is measured by a fit to D— K~ 7" candidates, wpo + R~ by fitting the invariant mass
distribution of D— K7~ candidates. The average muon-wrong-sign ratio w + R is
extracted from a fit to the combined sample. An example fit is shown in Figure [10.2
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Figure 10.2: The invariant mass distribution of (a) muon-right-sign and (b) muon-wrong-sign
D — K7 candidates. The data are taken from the 2012 magnet up sample. The AAgp trigger
selection is used.

Table 10.3: The measured muon-wrong-sign ratios and the derived mistag probabilities in the
D — K7 sample of the full data set. The results for the AAgp and the Acp(K~K™) trigger
selections are shown.

Selection wpo + Rt (%] wpo + R~ (%) Aw [%] w+ R [%]

AAcp 1.3898 £ 0.0066 1.3634 £ 0.0065 0.0263 £ 0.0093  1.3765 £ 0.0046
Acp(K~K™) | 1.1923 £0.0066  1.1679 & 0.0065 0.0253 4+ 0.0093  1.1803 =+ 0.0047

Selection wpo [%) wpo (%) Aw [%) w [%)

AAcp 1.0012 £ 0.0081  0.9733 £0.0079  0.028 £0.011  0.9875 £ 0.0055
Acp(K~K™) | 0.8037+0.0081 0.7778 £0.0080  0.027 +0.011  0.7913 + 0.0056

The mistag probabilities are determined independently for each of the 2011, 2012,
magnet up and magnet down samples. Equivalently to the raw asymmetry measurement,
cf. Chapter the results of the fits to the magnet up and magnet down samples
are arithmetically averaged. The final result is the weighted average of both years.
The measurement is performed separately for the AAcp and the Acp(K~K™) trigger
selections.

The final results of the muon-wrong-sign ratios and the deduced mistag probabilities
are given in Table The mistag probabilities of the AAcp and Acp(K~K™T)
measurements are (0.9875 4 0.0055) % and (0.7913 £ 0.0056), %, respectively. The
Acp(K~K™) trigger selection requires the muon candidate to have a positive decision in
HLT1, cf. Chapter This requirement reduces the mistag probability. The measured
Aw is only consistent with zero at the 3o level. Although Aw is expected to cancel in
the difference of raw asymmetries, it is considered in the systematic uncertainties. A
table with all fitted mistag probabilities in all sub-samples is found in Appendix
The values for each year and each polarity are consistent.

It should be pointed out that the mistag probability of 1% leads to corrections
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180 10. Wrong flavour tags

Table 10.4: The measured mistag probabilities with the D** method for D°— =7,
D% - K~ K7 and D°— K~ 7t samples of the full data set. The results for the AAcp and the
Acp(K~K™) trigger selections are shown.

A Acp selection
Sample wpo [%] wpo (%] Aw [%] w [%)

DY — g xt 1.22+£0.12 1.01 +£0.12 0.21 £0.17 1.104 £ 0.085
D'— K-K* | 1.0374+0.067 0.914+0.065 0.123+£0.093  0.972 4 0.046
DY— K=t 0.960 £0.028 1.004 £0.027 —0.043£0.039 0.982£0.019

Acp(K~KT) selection
Sample wpo [%] wpo (%] Aw %] w [%]

D= K-K* | 0.85940.070 0.749+0.068 0.111+£0.098  0.801 4 0.049
DY— K=ot 0.766 £0.030 0.830 £0.028 —0.064 £0.041 0.803 £ 0.021

of the CP asymmetries of the order 0.02% which is small compared to the statistical
precision of the CP asymmetry measurements. Nevertheless, it is tested if the mistag
probability is similar across the muon-tagged decays.

D** method

The Am = m(D**) — m(DP) distribution of doubly-tagged candidates is fitted to
determine the mistag probability. Similarly to the wrong-sign method, a binned
maximum-likelihood fit is performed. Rightly- and wrongly-tagged candidates are
fitted simultaneously. The yields Ngig right and Ngig wrong are parameterised as

Nsig right = Nsig (1 —w) (10.20)
Nsig,wrong = Nsig w , (10.21)

where Ngi, is the total signal yield and w is the mistag probability. This procedure
allows to easily determine the signal shape with the rightly-tagged candidates and
to simultaneously apply this shape to the less abundant wrongly-tagged candidates.
Example fits of the doubly-tagged D° — K~nt, D?— K~ K+ and D°— 7~ 71 samples
are shown in Figures[10.3a], [10.3b] and [10.3d] respectively. The fit model is described in
detail in Appendix

The mistag probability w™ is measured by a fit to D** candidates, wpo by fitting the
Am distribution of D*~ candidates. The average mistag probability w is extracted from
a fit to the combined sample. The mistag probabilities are determined independently
for each of the 2011, 2012, magnet up and magnet down samples, equivalently to the
wrong-sign method. The final results are given in Table The mistag probabilities
w and mistag differences Aw are consistent at the 20 level for all three channels when
using the AAcp and Acp(K~ K ™) selections. A table with all fitted mistag probabilities
in all sub-samples is found in Appendix The values for each year and each polarity
are consistent.
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Table 10.5: Comparison of the measured mistag probabilities of the D** and wrong-sign
method. The results for the AAcp and the Acp(K~K™T) trigger selections are shown.

AAcp selection

Method wpo [%) wpo [%) Aw [%) w [%)
wrong-sign 1.0012 £ 0.0081 0.9733 £ 0.0079  0.028 £ 0.011  0.9875 £ 0.0055
D**+ 0.960 £ 0.028 1.004 £0.027  —0.043£0.039  0.982+£0.019

Acp(K~KT) selection

Method wpo [%) wpo [%) Aw [%) w [%)
wrong-sign 0.8037 £0.0081 0.7778 £0.0080  0.027 £0.011  0.7913 £+ 0.0056
D** 0.766 £ 0.030 0.830 £ 0.028 —0.064 +0.041 0.803 £ 0.021

Comparison of both methods and systematic uncertainties

Both methods are compared in Table A very good agreement is seen in the average
mistag probability w. The mistag difference Aw agrees within 20. It should be noted
that all given uncertainties are only of statistical nature. Both methods are likely to be
affected by systematic uncertainties due to the mistag probability extraction procedure.
However, given the very good agreement between both methods and that the corrections
due to the mistag probability of less than 1% are very small, further systematic studies
are not necessary.

The residual difference of both methods and the statistical uncertainty of the wrong-
sign method are propagated as systematic uncertainties. The mistag difference Aw
is expected to largely cancel in the Acp(K~ K1) and AAcp measurement as its con-
tributions do not originate from the signal decay. However, there might be small
differences between the various channels. These differences should not exceed Aw itself.
Conservatively, the full mistag differences Aw of 0.028 % and 0.027 % are assigned as
systematic uncertainties to the AAcp and Acp(K~ K™T) measurement, respectively.

10.4 Summary

The mistag probability of muon-tagged D° decays is consistently determined with
two independent methods. Both methods use the DY — K ~7t sample which has the
largest signal yield. The mistag probabilities w of muon-tagged D° decays are measured
to be (0.9875 + 0.0055) % and (0.7913 4 0.0056) % for the AAcp and Acp(K~K™)
measurements, respectively. This leads to very small corrections of both measurements.
The mistag differences Aw which lead to shifts of the raw asymmetries but cancel in
the CP measurements are determined to be (0.028 4+ 0.011) % and (0.027 £ 0.011) %
with the AAcp and Acp(K~K™) trigger selections, respectively. The values of Aw are
conservatively taken as systematic uncertainties for both measurements.
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CHAPTER 11

CP asymmetry measurements

In this chapter the methods and results of the previous chapters are combined to extract
CP asymmetries. First, the results of the AAcp measurement are presented. Second, the
determined value of Acp(K~K™) is given. Third, the correlation of both measurements
is discussed. Fourth, both measurements are combined to calculate Acp (7~ 7).

11.1 Measurement of AAcp

The method to extract AAcp from the LHCb data is presented in Chapter The
formula to obtain AAcp from the measured raw asymmetries and the measured mistag
probability is according to Equation [10.10

AAcp = (14 2w) [Araw (K~ K") — Apaw(r~7h)] . (11.1)

The determination of the mistag probability w is presented in Chapter Production
and detection asymmetries depend on the kinematic distributions of reconstructed
D°— K~K* and D°— 7~ 7t decays. For the AAcp measurement the D0 — K~ K™
sample is weighted such that the kinematic distributions agree, cf. Chapter The
raw asymmetries of the weighted samples are obtained from binned maximum-likelihood
fits to the invariant DY mass distributions. The fit model is described in Chapter
The additional uncertainty due to the kinematic weighting is taken into account in the
fitting procedure, see Chapter

The analysis is performed independently in the magnet up and down samples to
test the cancellation of detection asymmetries. The arithmetic mean of the obtained
raw asymimetries is taken in order to cancel residual detection asymmetries:

Apaw (vear)T + Aoy (year)t
5 )

Araw (year) = (11.2)

As production and detection asymmetries change due to different operational conditions,
raw asymmetries are determined independently for each year. The final values of the
raw asymmetries are the weighted means of both data taking periods:

1 1 1
Araw = —3 T ( 5 Araw(2011) + 2Amw(2012)> . (11.3)
02011 02012

2 2
92011 02012

Additionally, the weighted means of the raw asymmetries obtained in 2011 and 2012
are separately quoted for magnet up and magnet down polarity.
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184 11. CP asymmetry measurements

Table 11.1: The measured raw asymmetries for D° — K~ KT and D° — 7~ 7t decays, and the
derived AAcp (in %). The D° — K~ K™ samples are weighted. The results of each year are
obtained by taking the arithmetic mean of both magnet polarities. The values of 201142012 for
magnet up, magnet down and mean are the weighted means of both years. Note: The correction
due to the mistag probability is not applied.

2011 Magnet up Magnet down Mean
Avaw(K~K™T) | —0.480 £0.228  —0.404 +0.194 —0.442 £ 0.150
Apaw (77 7) —1.167£0.399 —0.373 £0.341 —0.770 £ 0.262
AAcp +0.687 £0.460 —0.031 £0.392 +0.328 £ 0.302
2012 Magnet up Magnet down Mean
Araw(K~K™T) | —0.448 £0.131  —0.436 £0.135 —0.4417 £ 0.0939
Apaw(m7) —0.216 £0.229 —-0.791 £0.235 —0.503 £0.164
AAcp —0.232 £ 0.263 +0.355 £ 0.271 +0.062 £ 0.189
201142012 Magnet up Magnet down Mean
Araw(K~K™T) | —0.456 £0.113  —0.425+£0.111  —0.4418 £ 0.0795
Apaw (1) —0.451 £0.198 —0.657 £0.193 —0.578 £ 0.139
AAcp —0.005+0.229 +0.231 £0.223  +0.137 +0.160

The measured raw asymmetries of the D — 7~ 7t samples and the weighted
DY — K~ K™ samples are given in Table The corresponding invariant mass
distributions, including fit projections, are shown in Figure and The full
list of fit parameters including correlations with the fitted signal asymmetry can be
found in Appendix The AAcp values obtained from the 2011 and 2012 data
set are consistent within 1. The up—down differences are 1.20 and —1.60 in the 2011
and 2012 data set, respectively. These are mainly driven by the up—down differences
of the Apaw (7~ ") values. The difference has opposite sign in the 2011 and 2012 data
set. Thus, the results of the combined data sets are very consistent between magnet
up and magnet down polarity. The fit model used for D° - K~K* and D° — 7~
candidates fits well in both cases. A more detailed discussion of the fit model is found
in Chapter where the extraction of raw asymmetries is explained. The effect of the
weighting procedure on the raw asymmetries is discussed in Chapter Systematic
studies related to the fit model are described in Chapter [13.1]

Combining the final raw asymmetries with the measured mistag probability w of
(0.9875 £ 0.0055)% yields the result:

AAcp = (+0.14 £ 0.16 (stat) = 0.08 (syst)) % . (11.4)
The quoted systematic uncertainty is discussed in Chapter It includes studies
related to the mistag probability, the weighting procedure and the extraction of raw
asymmetries. The stability of the measured AAcp in different regions of phase space
and different data taking periods is tested in Chapter
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Figure 11.1: The invariant mass distribution of DY — K~ K™ candidates. The fit results

are overlaid. The left and middle plots show negatively- and positively-tagged candidates,
respectively. The right plots show the observed and fitted asymmetry in each invariant mass bin.
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11.2. Measurement of Acp(K~K™) 187

11.2 Measurement of Acp(K~K™)

The analysis strategy to measure Acp(K~K™T) is presented in Chapter [5l Following
Equations |10.11{ and the CP asymmetry Acp(K~K™) is determined by:

Acp(K~K*1) = (142w) [Araw (K~ K1) — Apaw (K 77) |+ (1-2R)Ap(K 7)), (11.5)

where

Ap(K~nt) = Apaw (K77 7) — Apa (K07F) + Ap(K°) . (11.6)

The cancellation of detection and production asymmetries requires a kinematic weighting
of muon-tagged D° — K~7t, and prompt Dt — K—7nt7xT and Dt — K%t decays.
The weighting procedure is described in Chapter The small correction due to the
mistag probability and wrong-sign events is discussed in Chapter The determination
of Ap(K?) is performed in Chapter @ The asymmetries of the kinematically weighted
samples are extracted from binned maximum-likelihood fits to the invariant mass
distributions, see Chapter [7.3] and Equivalently to the A Acp measurement, the
arithmetic mean of the raw asymmetries obtained from the magnet up and magnet
down samples is taken to determine the value of the measured raw asymmetry for each
year:

Apaw (year)T + Apay (vear)t

Asaw (year) = 5 (11.7)
The final result is the weighted mean of both years:
1 1 1
Araw = — T 5 Araw (2011) + —5— A1 (2012) ) . (11.8)
92011 92012

2 2
92011 92012

Additionally, the weighted means of the raw asymmetries obtained in 2011 and 2012
and the resulting CP asymmetries are separately quoted for magnet up and magnet
down polarity.

The raw asymmetries to determine the value of Acp(K~ K ™) are shown in Table
for the 2011 and 2012 data sets. The corresponding mass plots and the asymmetry
projections are shown in Figure[11.3] [11.4] [[1.5]and [I1.6] The full list of fit parameters
can be found in Appendix The four independent measurements of Acp(K~K™)
agree within 1o. The selected fit model is not sufficient to describe the invariant
mass distributions of the Cabibbo-favoured modes D° — K~7n+, DT — K~ntxt and
DT — K%t as seen in Figures and However, the asymmetry in
each invariant mass bin is well described for all decay modes. A detailed discussion of
the fit model and the peculiarities of the invariant mass distributions can be found in
Chapter Systematic studies related to the fit model are described in Chapter [13.1]
The weighting significantly increases the statistical uncertainties for the raw asymmetries.
This is discussed later in Chapter [12.1] The largest contribution to the statistical
uncertainty originates from the determination of Ay (K%7t).

187



188 11. CP asymmetry measurements

Table 11.2: The measured raw asymmetries for D’ - KK+, D’ K7+, Dt — K—ntnt
and DT — K°rF (in %) for the 2011 and 2012 data set. The D° - K7+, D* — K—ntnt
and DT — K%t samples are kinematically weighted. These numbers are used to calculate
Acp(K~K7). The corrections due to Ap(K?), w and R are taken into account. The result of
each year is obtained by taking the arithmetic mean of both magnet polarities. The uncertainties
for R and Ap(K°) are fully correlated.

2011 Magnet up Magnet down Mean
Ap(K?) —0.0540 £ 0.0140 —0.0540 £0.0140 —0.0540 +£ 0.0140
Apaw (K1) —0.710 £ 0.345 —0.600 £+ 0.269 —0.655 + 0.219
Avaw (K~ 7t ™) | —2.1870 £0.0764 —1.6194 £ 0.0627 —1.9032 4 0.0494
Ap(K—7™) —1.531 £0.354 —1.073 £ 0.277 —1.302 + 0.225
Araw (K~ ) —1.710+£0.104 —1.6219£0.0888 —1.6658 +0.0684
Araw(K~K™) —0.245 £ 0.242 —0.463 + 0.207 —0.354 £ 0.159
w 0.740 + 0.014 0.742 £+ 0.012 0.7409 £ 0.0091
R 0.3894 £ 0.0030 0.3894 £ 0.0030 0.3894 £ 0.0030
Acp(K~K™) —0.033 £ 0.442 +0.111 £ 0.357 +0.039 £ 0.284
2012 Magnet up Magnet down Mean
Ap(K©) —0.0540 4 0.0140  —0.0540 £ 0.0140  —0.0540 =+ 0.0140
Apaw (K077T) —1.016 +0.192 —0.457 +0.198 —0.736 +0.138
Apaw (K~ 7tnt) | —1.9200 + 0.0363 —1.6915 +0.0376  —1.8058 + 0.0261
Ap(K—n™T) —0.958 £ 0.196 —1.289 4+ 0.202 —1.123 £0.141
Apaw (K~ 7T) —1.3253 £0.0673 —1.5816 +0.0590 —1.4535+£ 0.0411
Apaw (K~ KT) —0.515£0.134 —0.389 £ 0.138  —0.4520 £ 0.0964
w 0.8124 £+ 0.0082 0.8084 £ 0.0084 0.8104 £ 0.0063
R 0.3894 £ 0.0030 0.3894 £ 0.0030 0.3894 £ 0.0030
Acp(K~K™) —0.127 £ 0.245 —0.067 + 0.252 —0.097 £ 0.176
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11.2. Measurement of Acp(K~K™) 189

Table 11.3: The raw asymmetries for D° - KK+, D - K—nt, Dt — K-tz t and
DT — KT (in %) after combining the 2011 and 2012 results. The values of 201142012 for
magnet up, magnet down and mean are the weighted means of the values given in Table[II.2] The
values for Acp(K~K™) are calculated from the raw asymmetries, corrections due to Ap(K°), w
and R are taken into account. The uncertainties for R and Ap(K?) are fully correlated. Note:
The mean is neither the arithmetic nor the weighted average of the magnet up and magnet
down values.

201142012 Magnet up Magnet down Mean
Ap(KY) —0.0540 £ 0.0140  —0.0540 £ 0.0140  —0.0540 + 0.0140
Araw (KO7) —0.944+0.168  —0.507£0.160  —0.713+£0.117
Apaw (K= ) | —1.9691 £ 0.0327  —1.6724 +0.0323 —1.8270 4 0.0231
Ap(K—77T) ~1.0794£0.172  —1.219+0.163  —1.168£0.120
Ao (K7 —1.4146 £ 0.0502  —1.5940 & 0.0492 —1.5098 + 0.0352
Apaw (K~ K) —0.452+0.117  —0.412+0.115  —0.4258 & 0.0825
w 0.7939 £ 0.0071  0.7866 + 0.0069  0.7913 + 0.0056
R 0.3894 +0.0030  0.3894 +0.0030  0.3894 + 0.0030
Acp(K~K) —0.093+0.214  —0.009+0.206  —0.057 £ 0.150

The combined values including the result of Acp(K~K™) for the full data set are
given in Table The final result for Acp(K~K™) is

Acp(K~ K1) = (—0.06 £ 0.15 (stat) + 0.10 (syst)) % ,

where the first uncertainty is statistical and the second is systematic. The two inde-
pendent values for the full magnet up and down samples agree very well. Systematic
uncertainties due to the cancellation of spurious asymmetries and the raw asymmetry
extraction are discussed in Chapter This includes systematic studies of the weighting
procedure, the asymmetry extraction and the corrections due to wrong flavour tags
and the neutral kaon asymmetry. The measurements of Acp(K~ K1) and AAcp are
correlated due to the overlapping D° — K~ K™ samples. The correlation is discussed in
the following section.
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Figure 11.3: The invariant mass distribution of D® — K~ K+ candidates. The fit results
are overlaid. The left and middle plots show negatively- and positively-tagged candidates,
respectively. The right plots show the observed and fitted asymmetry in each invariant mass bin.

M(K K*) [MeV/c?]

M(K K*) [MeV/c?]

(d) Magnet down 2012

190

M(K K*) [MeV/c?]



11.2. Measurement of Acp(K~K™) 191

3

10 10 .
o 30F T T T o T T = 10 . E
@ N}, = 493334 £757 L 30F 510497 £771 = Data x/ndf = 21 - 085
3 --Data ¢ = LHCb A, 71+0.10)% s 8 :F":M jection przads) o s E
> 25E 3 > - 8 1t projection  p(y’ndf) = 0.84
2 —Total s 25p wrnar=3B-20 7 < E
= oof - Signal E = b P(x2ndf) = 0.00 E
i B Conbs. bk ] X
- ‘omb. bkg. = 3
g 15 7] 8 15p E
=] S
g 0f 1 F E
< 5
S sk E S sk E
= + = t = T T
= = =
= & S ST TUDN IO I MR T T
Lam ae e T R Py
- L 1 _ 1 1 . 1 1

1850 1900 - 1850 1900 1850 1900
M(K*) [MeV/c?] M(K) [MeV/c?] M(K*7*) [MeV/e?]

(a) Magnet up 2011

N0 . . . xe , : o :
o 40F N- = 678555 + 8 E o 3 2049 ] ' 2 = 1095 _ E
= --Data oy = 678335 = 889 § 4F [ HCb 0929 £905 S gfgDaa o x/mdr= o1 E
s 35 E L 35k E g Fit projection  p(y2nd) = 0.06
= — Total s B < 6 J %
- 30F - signal E = 30F P(3>ndf) = 0.00 E 4H H
= 25 IComb. bkg. E - 25F : 2f E
g 20F E % 20F E o it e
3 1sE E 5 5 E ) 15Tt
= = B
S 10F E 5 10 E 4
SE SE P l
. g3 } }
= T = Ir T = T T
5 =} ]
& g E
0 OF]"‘AWJJ’I‘“'L"‘I' o,.-.-lT.L,,.rl.l.d.-,J.a.Hl-,Lmﬁuu-.L...lu.
1 1 ~ 1 1 - 1 1

1850 1900 . 1850 1900 ) 1850 1900
M(KT*) [MeV/c?] M(K'T) [MeV/c?] M(K™*) [MeV/c?]

(b) Magnet down 2011

~ 10 T T ~ 1o, T T < 10 T
2 100F A 4 T ioof o ] S BT 3
) N, = 1638592 % 138 L N = 1682608 £ 1409 & x/ndf=1000_ 1y
= Data i = i -e-Data x 88 E
> - Data > LHCb A, 33 % 0.06)% 3 8 — Fit projection p(y2adf)=0.15
= 80 —Tfnal 1 S 8o0F X/ ndf = 1:;{67«7:; 7 4 < 6
= .- Signal = P(ndf) = 0.00
= 60 [l Comb. bkg. ] s B
Py 2
& £
£ 4o 1 = af ]
k=l =]
g g
J 20 - S 20F m
= + = + =
= = =1
°“0 D“O °“G AT E PORTIN B FITR BT I
LI I | lll'l Ty m R M L
. 1 1 - 1 1 - 1 1
1850 1900 1850 1900 ; 1850 1900
M(K'*) [MeV/c?] M(K'1*) [MeV/c?] M(K'*) [MeV/c?]
(¢) Magnet up 2012
~ 10° T T ~ < 10 T T
CREL N Nj, = 1534433 £ 1333 3 ) Et s ~Data w/ndf = 222091 E
2 SOF Total E 2 H p — Fit projection  p(y2ndf) = 0.72
— lota
= 70F E = <
- -+ Signal - 4
< % K 7 C 2
< sf [ Comb. bke. ; S ; §
8 N o ;
S a0f E g 1 : 313
=} =} .
5 30F E ] 4
g 20F E g ]
9] o 6
10F E sE 3
" 1 1
= T = = T T
= = =
&~ &~ ~ TR | o b 1L ']
0 0 L M B e el S
. 1 1 - 1 1 - 1 1
1850 _ 1900 1850 _ 1900 1850 _ 1900
M(K*m*) [MeV/c?] M(K*T*) [MeV/c?] M(K'*) [MeV/c?]

(d) Magnet down 2012
Figure 11.4: The invariant mass distribution of D® — K7t candidates. The fit results

are overlaid. The left and middle plots show negatively- and positively-tagged candidates,
respectively. The right plots show the observed and fitted asymmetry in each invariant mass bin.
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Figure 11.5: The invariant mass distribution of D™ — K~ "7 T candidates. The fit results are

overlaid. The left and middle plots show Dt and D~ candidates, respectively. The right plots
show the observed and fitted asymmetry in each invariant mass bin.
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Figure 11.6: The invariant mass distribution of DT — K%zt candidates. The fit results are

overlaid. The left and middle plots show D+ and D~ candidates, respectively. The right plots
show the observed and fitted asymmetry in each invariant mass bin.
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11.3 Correlation between AAcp and Acp(K~K™)

The measurements of Acp(K~ K1) and AAcp use a common sample to determine
the raw asymmetry Ap.w (K~ K™). However, not all candidates of the A Acp measure-
ment are included in the Acp(K~ K1) measurement due to a tighter trigger selection,
cf. Chapter Furthermore, the D° — K~ K7 candidates are kinematically weighted
in the AAcp determination such that the kinematic distributions of the D° — K~ K+
and D° — 7~ 7" samples agree, cf. Chapter The correlation factor pgx between
the two samples is given in Chapter [8.2.3] see Equation [8.32

i=1 WKK,;: KK,

_ 2 2
N Acp(KTKT) N AA
21‘:1 (U)K%},)i ) Zi:1 <wKK,?P)

_ 2
A +
(ZN op(K™K )wAACP)

(11.9)

where N is the total number of DY — K~ K7 candidates, wﬁﬁfp is the kinematic
weight of each D°— K~ K7t candidate in the AAcp measurement and wfgf i(K_K+) is
the weight of each DY — K~ K™ candidate in the Acp(K~K™) measurement (0 or 1).

Using the formulas to obtain AAgp and Acp(K~ K ™) and following the derivation

in Chapter the covariance of the two measurements is calculated to be

-+
COV(AACP,ACP(K_K+)) = PxK (Tﬁgjv(}( K Jﬁsgp , (11.10)
where 05" is the statistical uncertainty for Ayay (K~ K1) in the AAcp measurement

and Jﬁfwcvp in the Acp(K~K™) measurement. The statistical correlation of the AAcp
and Acp(K~K™) measurements is given by

Acp(K~KT)  _Adcp
_ Araw Araw 11.11
Pstat PrK AMep Acp(K-KT) ( . )
Ogtat Ogtat

Acp(KTKT)

see Equation where 05, 4C" is the statistical uncertainty for AAcp and o5
for ACP(K_K+).
The correlation factor pxx is determined to be

Using the uncertainties given in Table and the statistical correlation of both
measurements is
pstat = 0.23 .

The correlation of systematic uncertainties is given in Chapter after sources of
systematic uncertainties have been discussed.
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11.4 Determination of Acp(w~7T)

The CP asymmetry Acp(nm~ ") is obtained by taking the difference of AAgp and
ACP(K_K+):
Acp(n ") = Acp(K~ K1) — AAcp . (11.12)

The statistical uncertainty for Acp(m~7") is given by

- 2 2 - 2 _
Acp(r~x )\ * AAcp Acp(KTK™) AAcp _Acp(KTKT)
(Ustat ) = <Ustat ) + <Ustat — 2 Pstat Ostat . Ostat , (11.13)
AA Acp(K~ KT o
where 05267 and oS ' are the statistical uncertainties for AAgp and

Acp(K~K™), respectively, pstat is the statistical correlation of both measurements.
The CP asymmetry Acp(m~m") is calculated to be

Acp(n~nt) = (—0.20 £ 0.19 (stat) 4+ 0.10 (syst)) %

using the results of Chapter [L1.1] [I1.2] and [11.3] The systematic uncertainty is the same
as in the Acp(K~ K™) measurement, for further discussion see Chapter m
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CHAPTER 12

Consistency checks

An important part of the analysis is to perform consistency checks of the CP asymmetries
determined in the previous chapter. This is extensively done in this chapter. The
consistency checks are separated from the systematic studies which test the methods
themselves in Chapter First, the effect of the kinematic weighting on the raw
asymmetries is discussed. Second, the derived detection and production asymmetries are
compared to the expectation. Third, the measurement is independently performed for
different data taking periods to test the stability against varying detection asymmetries.
Fourth, the raw asymmetries of all decay modes are studied as function of the number
of particles per event. Fifth, several cross-checks are performed to test the stability of
AAcp against kinematic and selection variables.

12.1 Change of raw asymmetries due to weighting

The kinematic weighting procedure is applied to correct for residual asymmetries induced
by differences in kinematic distributions. However, the weighting procedure changes the
statistical power of a sample. The loss in statistical precision is reflected by the signal
yields obtained from the extended maximum-likelihood fits. The signal yields before and
after the kinematic weighting are given in Table While the weighted D? — K~ K+
and D°— K~ 7t samples have only small losses in the signal yields, the Dt — K7 tx™
sample is effectively reduced by 50 % and the Dt — K7t sample by 78 %. The latter
has a large impact on the statistical uncertainty for the Acp(K~ K1) measurement as
the weighted Dt — K1t sample is the sample with the smallest effective signal yield.

Table 12.1: The fitted signal yields before and after kinematic weighting. The full data set is
used.

Decay sample Niig Nsig,w Ratio
Dt — KOt 3,765,640 + 2,191 827,276 + 1,013 0.220
Dt — K—ntnt 40,816,225 + 7,169 20,190,743 + 5,037  0.495
DY— K—nt 9,089,861 + 3,374 8,822,702+ 3,322 0.971
DY K~ Kt (Acp(k—K+)) | 1,820,586 + 1,694 - -

DY — K~ KT (AAcp) 2,164,948 + 1,874 1,990,846 + 1,809  0.920
D — =7t 778,344 £+ 1,565 - -
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198 12. Consistency checks

Table 12.2: The measured raw asymmetries before and after kinematic weighting. The combined
values of the 2011 and 2012 data set are given. Note: The results in the last two columns are
calculated with higher precision than is given in the first two columns.

Decay sample Araw [%)] Avaw,w [70] Change (%] /02 —o02[%]
Dt — K'rt —0.868 £ 0.055 —0.71+0.12 —0.15 0.10
Dt — K nfrt | =1.8134+0.016 —1.827 +0.023 0.014 0.016
DY — K—7t —1.519+0.035 —1.510=£0.035 —0.009 0.006
D’ KK+ —0.394 £ 0.076 —0.442 £+ 0.080 0.047 0.023

The fitted raw asymmetries before and after the kinematic weighting are given
in Table The largest shift, —0.15 %, is observed for the the raw asymmetry of
the D* — K9 T sample. The differences can be induced by systematic shifts due to
kinematically dependent asymmetries or they might be statistical fluctuations. The size
of possible statistical fluctuations is quantified by the number

— 02 | (12.1)

where g,, is the uncertainty of the fit to the weighted sample and o the uncertainty of
the fit to the unweighted sample, cf. Chapter Three out of four raw asymmetries
change by more than 14/02 — 02, but no change exceeds 2.1y/02 — o2.

To summarise, the AAcp value before and after weighting changes by approxi-
mately 0.05% which is one third of the statistical uncertainty of AAcp. Half of this
change is expected due to statistical fluctuations. The Acp(K~K™) value shifts by
about 0.15 % due to the kinematic WeightsE About 0.1 % can be attributed to the loss
in statistical power. The statistical uncertainty of Acp(K~K™) is 0.15%. Given the
current statistical precisions of the AAgp and Acp(K~ K ™) measurements, it cannot
be disentangled if the observed shifts are primarily coming from statistical fluctuations
or from corrections induced by momentum-dependent asymmetries. Still, the weighting
procedure is applied to correct for these residual asymmetries. Systematic uncertainties
of the weighting procedure are studied in Chapter [13.2]

!The neutral kaon asymmetry also changes by (—0.027 %) when including kinematic weights, cf. Chap-

ter @
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12.2 Detection and production asymmetries

The analysis method does not require to explicitly measure detection and production
asymmetries. Nevertheless, it is checked if the kaon detection asymmetry follows the
predicted trend and if muon detection and B production asymmetries have the expected
order of magnitude.

12.2.1 Charged kaon detection asymmetry

The largest correction in the Acp(K~K™) measurement is the detection asymme-
try Ap(K~m™). It is determined to beEI

Ap(K~7t) = (=1.17 £ 0.12 (stat))% ,

cf. Chapter The asymmetry is dominated by the different interaction cross sections
of K~ and K mesons in material, cf. Chapter The kaon interaction asymmetry
depends on the momentum of the kaons and the amount of material in front of the last
tracking station. Equivalently to the determination of Ap(K?), cf. Chapter the
amount of traversed material of each kaon candidate can be estimated from the known
material model of the LHCb detector. The momentum dependence of the cross section
has been measured and is given in Chapter It is assumed that the material model
is known with 10 % accuracy. This has been verified for the VELO but less precise
for other detectors. Using the kinematic distributions of the D° — K ~7t sample, the
estimated value of the charged kaon detection asymmetry is

APPS(K™) = (—0.89 4 0.09 (syst)) % .

The difference between the observed and the predicted value is (0.28 £+ 0.15) % . This
offset can have several reasons. The predicted value does not include a possible but small
pion interaction asymmetry and no tracking or particle identification asymmetries are
accounted for. Furthermore, it is not unlikely that the material budget is underestimated.

In order to compare the expected momentum behaviour with the observed,
Ap(K~7") is determined in bins of the momentum for kaon candidates of the
Dt — K—nt7nT sample. The DT production and the pion detection asymmetry
is determined for each bin with the Dt — K%t T sample. The method is the same as
is used in the Acp(K~ Kt) measurement. The kinematics of D' and pion candidates
of the full DT — K°rt sample are weighted to the kinematic distributions of the
Dt — K—n"7n" decays in each kaon momentum bin. Therefore, the extracted values
for Ap(D%) + Ap(wT) are correlated due to the overlap between the Dt — K0zt
samples used for each bin. The observed and expected asymmetries are shown in
Figure The observed Ap(K~7") is clearly following the predicted trend of a
decreasing asymmetry with kaon momentum.

12.2.2 Muon detection asymmetry and B production asymmetry

The raw asymmetry of muon-tagged D° — K~ 7t candidates is given by
Apaw (K~ 77) = Ap(B) + Ap(p) + Ap(K—7")

2Systematic uncertainties for the Acp(K~K™) measurement are evaluated in Chapter No
individual systematic uncertainty for the detection asymmetry Ap (K~ 7t) is quoted.
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Figure 12.1: Measured K~ 7+ detection and predicted K~ asymmetry as a function of the
kaon momentum. The shaded band indicates the average asymmetry integrated over the bins.
There is a correlation between the data points due to the overlap between the Dt — K97+
samples used for each bin.
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Figure 12.2: The measured Ap(B) 4+ Ap(p) as function of (a) muon pr and (b) kaon p. The
shaded lines indicate the result of the full data sample. There is a correlation between the data
points due to the overlap between the D¥ — K~rt7t and Dt — K%t samples used for each
bin.

according to Equation [5.16] The dependence on several kinematic variables is studied
in Chapter [7.4 In Figure it is seen that the absolute value of the raw asymmetry
decreases with the momentum of the kaon candidate. This is expected due to the kaon
detection asymmetry. This effect should be reduced when correcting for Ap(K 7).
Therefore, the DY — K 7T sample is divided into bins of the kaon candidates’ momen-
tum. Then, Ap(K~7") is determined for each bin with the full D™ — K~n" 7" and
Dt — K%t samples. The weighting procedure is equivalent to that of the Acp(K~K™)
measurement. The result is seen in Figure [[2.2h. Compared to Figure the de-
pendence for small kaon momenta is reduced. For large kaon momenta the asymmetry
becomes more negative. However, this bin has a small signal yield.

The corrected Apaw (K~ 71) has contributions from the B production and muon
detection asymmetry. In order to study the muon detection asymmetry, the D° — K ~r+
sample is divided into bins of the transverse momentum of the muon candidates. Then,
Ap(K~7") is determined for each bin. The combined muon detection and B production
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asymmetry is shown in Figure[12.2p, as function of the muon transverse momentum. As
no large momentum-dependent muon detection asymmetry is expected, cf. Chapters
and the distribution is very flat except for the last bin.

Assuming a small muon detection asymmetry, the B production asymmetry is
estimated from the results of the Acp(K~ K™) measurement, see Table to be
approximately (—0.34%). This is in agreement with the expectation of a negative
asymmetry of the order (—0.1 to —1%), cf. Chapter A precise measurement
has not yet been performed at the LHCb experiment. The measured value of the B
production asymmetry is Ap(BT) = (0.3 £0.9) % [3§].

12.3 Data taking periods

The LHC is not running all the time. There are periods without data taking, see Fig-
ure [12.3] These periods are used for maintenance of the LHCb detector as many systems
are easily accessible and can be moved away from the beam pipe. The maintenance
might affect the efficiency of some detector parts and movements change the alignment.
Furthermore, some data taking stops are used to change and improve the reconstruction
in the software trigger stage or to change calibration constants. This could induce
time-varying detection asymmetries. The production asymmetries have also changed
between 2011 and 2012 due to the increased centre-of-mass energy although this effect
is expected to be below the current sensitivity.

The measurements of Acp(K~ K1) and AAcp are designed to be insensitive to such
variations as detection asymmetries are calibrated with control samples collected in the
same data taking period. Nevertheless, a residual detection asymmetry which is not
cancelled in the difference of raw asymmetries can appear as a variation in time of the
measured CP asymmetries. To test this, the 2011 data are divided into four periods
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Figure 12.3: The run number distribution of reconstructed and selected events. The run number
identifies a short period of data taking. It is always counted upwards. No single run is longer
than one hour. Holes in the distribution indicate stops of the data taking as the run number
increases but no events are recorded. The beginnings and ends of the 11 data taking periods are
defined as [87,91,95,101,105,114,117.2,119,152.2,129, 131, 135] x 10%. The recorded events in
the range [110, 114] x 10? are excluded due to the missing LOMuon calibration.
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Figure 12.4: (a) AAcp and (b) Acp(K~K™) as a function of the data taking period. The 2011
data are divided into four periods and the 2012 data into six periods. The error bars indicate
the statistical uncertainty, the shaded bands show the averages for 2011 and 2012, and the (red)
line shows the overall CP asymmetry.

and the 2012 data into six periods. Each period is given by the time between two
interruptions in data taking. Furthermore, the individual data samples have to be large
enough to be sensitive to variations and the magnet polarity has to be reversed at least
once. The defined periods are given in Figure The analysis is then independently
performed in each data taking period. Only some parameters of the signal model are
constrained from the overall fit to increase the fit stability. Figure shows the
observed AAcp and Acp(K~ K1) as function of the data taking period. The results
are presented separately for the magnet up, magnet down samples and the combined
value. The p-value for being consistent is quoted. No dependence of the obtained
CP asymmetries on the data taking period is observed.

The raw asymmetries of the Acp(K~K™) and the AAcp measurements are shown
in Figure and Figure respectively. The raw asymmetries themselves might
vary between different data taking periods, but it is reassuring if they are constant.
The Cabibbo-favoured D* — K~7t+ and DT — K~ rnt7rt decay modes have a large
signal yield. Thus, they are sensitive to small variations in the data acquisition. In the
Dt — K—n"7n" sample there are significant variations between data taking periods for
a given magnet polarity. These variation are highly reduced after taking the average of
the raw asymmetry of the magnet up and magnet down sample. In the D° — K77
sample a constant shift between the magnet up and the magnet down sample is seen
in 2012. The polarity averaged values of 2011 and 2012 are also slightly different.
No exceptional outliers are observed in the Dt — K9 T, the D - K~ K+ and the
D® — 7~ nt samples, due to their lower statistics.
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Figure 12.7: The long track multiplicity distributions of the 2012 data set.

12.4 Track multiplicities

Tracking and particle identification efficiencies depend on the number of charged particles
in an event (track multiplicity). This is shown in Figure for the particle identification
efficiency and given in Reference [55] for the track reconstruction efficiency. Generally,
both efficiencies decrease with an increasing number of charged particles as events
become more complex. As this change in efficiency might affect detection asymmetries,
it is checked if the observed asymmetries depend on the track multiplicity.

Figure shows the distribution of the number of reconstructed long tracks, cf.
Chapter for several decay channels. The samples of muon-tagged D® — K7+,
D’ K~ K% and D°— 7~ 7" candidates have the same track multiplicity. The same
holds for the two prompt decay modes DT — K9 and DT — K~nTxt. However, the
track multiplicities of prompt Dt and muon-tagged D samples differ. The reasons are
tighter cuts on the momentum in the selections of the prompt modes which select events
where the initial partons have a higher energy. Additionally, the track multiplicity
increased from 2011 to 2012 due to the higher centre-of-mass energy.

The dependence of the raw asymmetry on the number of long tracks is shown in
Figure for the DT — K-ntnt, D¥ — K% and D° — K" samples and in
Figure for the D° - K~K* and D°— 7~ 7" samples. The p-value for being flat
is quoted. As no dependencies are observed, no residual asymmetries are expected in
the Acp(K~K™) or AAcp measurements.
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12.5 Cross-checks of AAcp

The analysis is based on the assumption that production and detection asymmetries
cancel in the difference of two raw asymmetries. As both depend on the kinematics of
the involved particles, the cancellation is ensured by the kinematic weighting procedure.
However, the raw asymmetries might also depend on other parameters of the recon-
structed and selected events. One example has already been discussed in Chapter
There, it is checked if the asymmetry depends on the track multiplicity which affects
track reconstruction and particle identification efficiencies.

In this section, the raw asymmetries of muon-tagged decays and the AAcp measure-
ment are tested for consistency against parameters of the selected candidates. Therefore,
the raw asymmetries of the D’ - K~ K+ and D°— 7~ 7t samples are determined in
bins of several quantities. The selected quantities are discussed shortly after. Typically
ten bins with approximately equal amounts of candidates are used. The difference
of Araw(K~K™) and Apaw (7~ ") in each bin defines AAcp for the given bin. The
kinematic weighting has little effect on the A Acp measurement, cf. Chapter It is
not applied here in order to not introduce additional statistical fluctuations.

The tests include, among others, the kinematic variables of D? and muon candidates,
and selection quantities that are correlated to the kinematics, e.g. the flight distance
of B candidates. Hence, the raw asymmetries might be significantly different from bin
to bin. The measured AAgp should still be the same in each bin. A possible problem
with physical background sources is independent of the data taking period and magnet
polarity, while detection effects could be different for both magnet polarities or data
taking periods. Thus, AAcp is measured for the 2011 and 2012 samples, separately for
both magnet polarities. The default combination of the raw asymmetries and, therefore,
AAcp is used, cf. Chapter Then, a constant is fitted to each distribution of AAcp.
The p-value of this fit is used as a measure for the hypothesis that AAcp does not
depend on the selected quantity.

In this section only the corresponding distributions of AAcp are given. The raw
asymmetry distributions of D - K~K* and D° — 77" decays are given in Ap-
pendix Additionally, the raw asymmetries of the DY — K 7T sample are presented
to study the behaviour with a decay mode that has a large signal yield. The raw
asymmetry of DY — K~7t decays has a significant contribution from the momentum-
dependent charged kaon asymmetry. The tests cannot be performed so easily for the
Acp(K~K™) measurement for two reasons. First, the prompt and the muon-tagged
samples have different kinematic distributions which would require a full weighting
procedure for each bin. Second, there is no one-to-one correspondence between prompt
D7 and muon-tagged D° candidates for each selection criteria.

The p-value of every presented consistency check is collected and filled into a
histogram, see Figure In the limit of infinite uncorrelated tests a flat distribution
between zero and one is expected. The following consistency checks are performed:

e Kinematics of muon and D° candidates: These variables test the basic
assumption that the method should be independent of the kinematic distributions.
The raw asymmetries in bins of some kinematic variables of the D° and muon
candidates have already been shown in Chapter [7.4] The observed AAcp as
function of DY p, pr, n and ¢ is presented in Figure @ The corresponding
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12.5. Cross-checks of AAgp 209

plots for the kinematics of the muon candidates are shown in Figure [12.12] None
of the tests shows exceptional outliers. The p-value of the muon ¢ test is 5%, all
others are larger than 40 %.

Binning in the azimuthal angle ¢ of the muon candidate is an interesting test. As
seen in Figures [7.21b| and [7.20bl the raw asymmetry is larger than 10 % in some
ranges if the measurement is restricted to one magnet polarity. These asymmetries
are understood and induced by the detector geometry as particles with a given
charge are preferentially detected in the left or the right side of the detector.
Figure shows that AAcp is the same in every bin and for every magnet
polarity. The arithmetic mean of the asymmetries of the two polarities is not
needed to cancel the muon detection asymmetry.

e Distance between muon and D° decay products: The independence of the
reconstruction of the muon and the D° meson’s decay products is tested with the
quantity AR which is defined as

AR = miny, (\/(m —n)? + (d — ¢h)2) ; (12.2)

where the minimum of both D decay products, AT and k™, is taken. This quantity
is a measure of the minimum distance between the muon and the two hadrons.
If AR is small, the muon and one of the hadrons are close in phase space. Thus,
their detection and track reconstruction in the VELO or the particle identification
in RICH1 could interfere with each other. For large values of AR this cannot
happen. The distribution of AAcp as a function of AR is shown in Figure
No structures are observed for small or large AR.

¢ Reconstructed B mass: The possibility that physical backgrounds affect the
measurement is checked with a binning in the reconstructed B mass. The B mass
is determined by the sum of the four-momenta of the D° and the muon candidate.
As at least the neutrino is missing, the B mass is not fully reconstructed, see
Figure A background contribution from prompt D° mesons is expected at
the lower edge of the spectrum, whereas B mesons or A; baryons contribute to
the background in the high-mass region. The determined AAcp per bin is shown
in Figure There are no significant variations.

e Impact parameter of D° and muon candidates: The impact parameters to
the primary vertex of the D° and the muon candidate are other selection quanti-
ties which distinguish between prompt and secondary decays. In Figure
and AAcp is shown as function of the impact parameter of D and muon
candidates, respectively. There is a hint of a trend in Figure However, it
is not significant. Furthermore, the 2011 and 2012, magnet up and magnet down
samples do not have consistent trends. Thus, it is attributed to statistical fluctua-
tions. The corresponding plots of the raw asymmetries are given in Figure [D.3]
The AAcp values in bins of the muon impact parameter show no trend at all.

e B flight distance: The flight distance of the B candidate is defined as the
distance between the primary vertex and the reconstructed B decay vertex. Prompt
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background contributions are more likely to have a small distance. No anomalies

are seen in Figure

B vertex quality: The main handle on the genuineness of a semileptonic B decay
is the quality of the fitted p—D? vertex. The DTF 2., /ndf is used as as quality
criterion, cf. Chapter A large value increases the probability of a random
combination of a D? and muon candidate. This affects the mistag probability
which has an influence on the asymmetry determination, cf. Chapter The
measured AAcp values show no trend in Figure

D° decay time: The reconstructed DY decay time is a good discriminator
between multi-body B decays, like B — J/i) X decays, and B decays with a D
meson in the final state. Most of the background that is not peaking in the
DY mass distribution is at low reconstructed decay times. Therefore, a test is
performed to include events with a reconstructed decay time that is smaller than
zero. The result of AAcp changes by 0.01%. The two disjoint samples with
positive and negative decay times are also fully compatibleﬂ

Number of PVs per event: The muon, hadron, B and D candidates are
selected by impact parameter cuts and pointing requirements to the primary
vertex. If the number of primary vertices is larger than one, the origin vertex of
the B meson can be misidentified. The larger the number of primary collisions the
more likely is a wrongly-associated primary vertex. No effect on the asymmetry is
expected due to this effectﬁ This hypothesis is supported by Figure as no
dependence is observed in the measured AAgcp values. The same holds for the
raw asymmetries of D? — K—7t, D' K~ K+ and D’ — 7~ nT candidates, see
Figure The particle multiplicity of the total event also increases with the
number of collisions. The effect of an increased particle multiplicity has already
been discussed in Chapter

Particle identification: In Chapter [£.4] the basic principle of the particle identi-
fication algorithm is explained. One important aspect is that the algorithm uses
the full event information. There is the potential danger that particles originating
from the B decay vertex interfere with the particle identification of the D° decay
products. The charge of the not reconstructed particles might be flavour specific
and, thus, affect the raw asymmetry. For example, the charged pion of a D**
resonance tags the flavour of the D° meson, cf. Chapter [10.2} To test this effect,
the raw asymmetry of D? — K~ K+ and D° — 7~ 7t candidates is determined in
bins of the particle identification variable DLLg . No dependence is observed in
the corresponding distributions in Figure [12.15

3To date, no plot is shown here, as this would unblind an on-going time-dependent analysis.
4«There are known knowns ... But there are also unknown unknowns”, Donald Rumsfeld.
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Figure 12.10: The p-value distribution of the AAcp consistency checks. The mean of the
histogram is (63.6 &+ 6.5) %.

As mentioned before, the collected p-values are given in Figure [12.10] It should be
noted that not all tests performed in this chapter are fully uncorrelated. The p-values
are evenly distributed with a mean of (62.6 4 6.5) %. This confirms the consistency and

stability of the AAcp measurement.
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and D° — K~ K™ candidates, respectively.
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Figure 12.12: AAcp as function of muon p, pr, n and ¢. The analysis is done independently
for 2011 and 2012, magnet up and magnet down data sets. The default combination of the
data sets is used. The p-value for the hypothesis of no dependence is quoted. The (solid) and
(dashed) line in the bottom graphs show the distributions of the given quantity for D° — 7= 7+
and D° — K~ K™ candidates, respectively.
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Figure 12.13: AAcp as function of AR, M (Du), D° x*(IP) and muon x?(IP). The analysis is
done independently for 2011 and 2012, magnet up and magnet down data sets. The default
combination of the data sets is used. The p-value for the hypothesis of no dependence is quoted.
The (solid) and (dashed) line in the bottom graphs show the distributions of the given quantity
for D° — 7~ 7t and DY — K~ Kt candidates, respectively.
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Figure 12.14: AAcp as function of B flight distance, B DTF X2 ../ndf and number of PVs
per event. The analysis is done independently for 2011 and 2012, magnet up and magnet down
data sets. The default combination of the data sets is used. The p-value for the hypothesis of no
dependence is quoted. The (solid) and (dashed) line in the bottom graphs show the distributions
of the given quantity for D° — 7~ 7+ and D° — K~ K™ candidates, respectively.
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12.6 Summary

The consistency of the Acp(K~K™) and AAgp measurements is tested in this section:

e The kinematic weighting increases the statistical uncertainties of the raw asym-
metry determinations. The applied corrections due to momentum-dependent
asymmetries are of the order of the statistical uncertainty.

e The charged kaon detection asymmetry and the estimate of the B production
asymmetry are within expectations.

e The measurements of Acp(K~K™) and AAcp show no variations in different
data taking periods. Furthermore, the raw asymmetries of prompt D' decays
and muon-tagged D° decays are stable against event parameters like the track
multiplicity.

e Several tests are performed to examine the consistency of A Acp in bins of kinematic
variables of DY and muon candidates, and several other selection variables. No
deviations are observed.
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CHAPTER 13

Systematic uncertainties

In this chapter the strategy to extract the CP asymmetries is systematically studied.
First, the systematic uncertainties that are connected to the correct extraction of raw
asymmetries are discussed. Second, the assumption that production and detection
asymmetries cancel in the difference of raw asymmetries is investigated. This includes
studies of the kinematic weighting. Third, the systematic uncertainties from the mistag
probability and the neutral kaon asymmetry are shortly summarised.

In the following, systematic uncertainties below 0.005 % are considered as negligible
given the statistical uncertainties of 0.15% and 0.16 % for the Acp(K~K™) and AAcp
measurements, respectively.

13.1 Extraction of raw asymmetries

The raw asymmetries are determined with binned maximum-likelihood fits to the
invariant mass distributions of D candidates. In Chapter [7.3] the fit model is introduced.
This particular fit model is one possible ChoiceE] which has to be systematically studied.
The studies consist of varying the default fit model and performing pseudo-experiments
which test the background model. The correct uncertainty coverage of the binned
maximum-likelihood fit has already been shown in Chapter

13.1.1 Variations of fit model

The default signal models consist of a simultaneous PDF for positively- and negatively-
tagged candidates which have the raw asymmetry A;.w as one fit parameter. The default
models are the sum of a Crystal-Ball and a Gaussian function. In the Cabibbo-favoured
decay modes, two additional parameters describe differences in the mean masses and
resolutions of candidates with different tags. The background contributions are modelled
with independent exponential functions for each tag and overall asymmetry parameters.
The reflection background in the D° — 7~ 7+ sample is described by an additional
Gaussian function and one asymmetry parameter.

The results of all tests are shown for the Cabibbo-suppressed and Cabibbo-favoured
decay modes in Tables and respectively. The individual tests are discussed in
the following. No kinematic weighting is applied to keep maximal statistical sensitivity.

! In this analysis it is not feasible to take the fit model from simulated events as there are no
simulated samples with comparable signal and background yields. Furthermore, the simulation would
need to be accurate to the sub per-mille level.
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220 13. Systematic uncertainties

Table 13.1: Summary table of the fit model variations of the Cabibbo-suppressed decay modes.
The raw asymmetry of the full data set is given (in %). No kinematic weighting is applied. The
maximum difference to the default value is highlighted in red.

Test Araw(K~K1)  Apaw(m—nT)
Default, cf. Chapter ~0.394+0.076  —0.58+0.14
One Gaussian as signal PDF —0.389 £ 0.076 —-0.59+£0.14
Double Gaussian as signal PDF —0.395 £ 0.076 —0.57+£0.14

Johnson Sy distribution plus Gaussian | —0.394 + 0.076 ~ —0.57 +0.14
as signal PDF
2nd order polynomial as background | —0.385+0.082  —0.63 +£0.15
description
Johnson Sy distribution plus Gaussian | —0.385+0.082  —0.64 +0.15
as signal PDF and 2nd order polyno-
mial as background description

Aver fixed to (—1.5%) in DO — 7~ 7+ - —0.62 £ 0.14
Fit range decreased (—5MeV/c?) —0.402 £0.076  —0.60+0.14
Fit range increased (45 MeV/c?) —0.408 £0.076  —0.59 £0.14
150 mass bins —0.397 £0.076  —0.57£0.14
Maximum difference 0.013 0.058

The largest differences to the default fits are taken as systematic uncertainties for each
decay channel.

The following variations of the signal PDFs are used to test the stability of the
extracted raw asymmetries:

e One Gaussian function to describe the signal peak is tested as an extreme case.
This is the simplest possible model but it does not completely describe the invariant
mass distribution.

e A symmetric double Gaussian function is used to test the influence of the asym-
metric tail of the signal peak.

e An alternative description of the asymmetric tail is tested. Therefore, the sum of
a Johnson Sy distribution and a Gaussian is used as signal PDF. The definition of
the Johnson Sy distribution is given in Appendix It is similar to a Gaussian
but has two parameters to describe asymmetric tails.

Variations that are significantly smaller than the statistical uncertainty are observed, see
Tables and This is expected as the fitted asymmetry is largely uncorrelated to
the signal shape parameters, as discussed in Chapter Furthermore, the asymmetry
per mass bin is well described by the default PDF, even in the decay modes with very
large signal yields. It has been tested that adding further Gaussians to the signal PDF
does not change the result. The fits to the invariant mass distributions improve but the
projected asymmetry per mass bin has similar fit quality.

The next two tests are only performed for the Cabibbo-favoured decay modes. As
the final states are no CP eigenstates, the signal peaks can be different for positively-
and negatively-tagged candidates. As mentioned, this is accounted for in the default
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13.1. Extraction of raw asymmetries 221

Table 13.2: Summary table of the fit model variations of the Cabibbo-favoured decay modes.
The raw asymmetry of the full data set is given (in %). No kinematic weighting is applied. The
maximum difference to the default value is highlighted in red.

Test Araw (K27 T)  Apaw (K~ mtnt)  Aw(K—7h)
Default, cf. Chapter —0.868 = 0.055 —1.813 £0.016 —1.519 £+ 0.035
One Gaussian as signal PDF —0.887 £ 0.056 —1.823 £ 0.016 —1.525 4+ 0.035
Double Gaussian as signal PDF | —0.867 + 0.055 —1.810 £ 0.016 —1.518 £ 0.035
Johnson Sy distribution plus | —0.866 + 0.055 —1.810 +£0.016 —1.516 +0.035
Gaussian as signal PDF

Two independent Double Gaus- | —0.828 £ 0.059 —1.800 + 0.017 —1.517 £ 0.036
sians for both tags as signal PDF

No resolution difference for both | —0.884 + 0.054 —1.827 +£0.016 —1.532 +0.035
tags (sp = 1)

2nd order polynomial as back- | —0.915 + 0.062 —1.836 +0.017 —1.537 £+ 0.038
ground description

Johnson Sy distribution plus | —0.914 £ 0.063 —1.830 £ 0.018 —1.532 £ 0.039
Gaussian as signal PDF and 2nd

order polynomial as background

description

Fit range decreased (—5MeV/c?) | —0.873 & 0.055 —1.816 £ 0.016 —1.520 £ 0.035
Fit range increased (+5MeV/c?) | —0.871 4 0.055 —1.811 £ 0.016 —1.5224+0.035
150 mass bins —0.866 = 0.055 —1.812+0.016 —1.519 £ 0.035
Maximum difference 0.047 0.023 0.018

fit models. To test if the descriptions are sufficient, the invariant mass distributions
of both tags are fitted with independent double Gaussians functions. The determined
raw asymmetries in the Dt — K9+ and Dt — K~ 7"+ samples change by almost
their statistical uncertainties. However, the statistical uncertainties increase as more
parameters are fitted. Fixing the resolutions of both tag categories to be the same has
a small effect.

The background models are varied by using second-order polynomials instead of
exponential functions. This is done together with the default signal model and one
different signal model. The variation of the background shape introduces the largest
shifts in the fitted raw asymmetries. In the D™ — K~ 77" decay mode the change is
50 % larger than the statistical uncertainty. In Dt — K%z it is 85 % of the statistical
uncertainty. In the muon-tagged modes the changes are smaller although they are the
largest observed for D — K~7t and D — 7~ 7" candidates. The size of the variations
is also reflected in the fact that the largest correlation of the fitted A,y are with the
background asymmetries.

The PDF of the D°— 7~ 7" decay mode has an additional component due to the
contribution from reflection background. The asymmetry of the reflection background
is a free parameter in the fit. It should be similar to the observed asymmetry in the
D% - K~z sample. Thus, the reflection asymmetry is constrained to (—1.5%) in
the fit. The observed variation is smaller compared to changing the combinatorial
background description.
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222 13. Systematic uncertainties

The next test varies the mass windows of the fitted invariant mass distributions.
The fit ranges are decreased and increased by 5MeV/c? for every decay mode, except
the DY — 7~ 7" decay mode. In the D°— 7~ 7T sample the fit range is only increased
at the lower edge from 1795 MeV/c? to 1790 MeV/c?. The selection does not allow to
extend the fit range at the upper edge. When decreasing the fit range, the range is
changed to [1820 MeV/c?, 1935 MeV/c?] to exclude any contribution from reflection. In
this case, the fraction of the reflection contribution is constrained to zero. All decay
modes show little variations. Still, in the D° — K~ K™ sample the largest variation of
all tests is observed. The default fit range of the D° — K~ Kt sample is chosen such
that partially reconstructed D — K~ K~ X decays at the lower edge and the reflection
contribution from misidentified D® — K~7t decays at the upper edge are excluded.
Nevertheless, the variation is taken as a systematic uncertainty. The last test is a sanity
check: The number of bins in the binned likelihood fit is increased from 100 to 150. No
variations are seen.

To summarise, the largest variations are observed when changing the background
model, the red numbers in Table and indicate this. The observed differences
can be of statistical or systematic nature. The largest differences to the default fit
are taken as systematic uncertainties for the extractions of raw asymmetries for each
channel. Systematic uncertainties of 0.06 % are assigned to the AAcp and Acp(K~K™)
measurements, respectively, due to the selected fit model.

13.1.2 Wrong background model

It is shown in Chapter that different physical backgrounds contribute to the invariant
mass distributions of the Cabibbo-suppressed D decay modes. These background
contributions have different shapes and can have different asymmetries. The default
background model with independent exponential functions for positively- and negatively-
tagged candidates and one overall asymmetry parameter might not be sufficient. The
effects of different background parameterisation in the fits have already been tested
in the previous section. Here, pseudo-experiments are generated to study a possible
bias of the default fit when the background is composed out of several components with
different shapes and asymmetries.

From the discussion in Chapter it is expected that background events from
partially-reconstructed secondary D and A. decays mostly contribute to the invariant
mass distribution of reconstructed D° — K~ K™ decays. Only in the case of background
for D’ — K~ K™ decays the misidentification of one particle increases the reconstructed
invariant mass. In the case of background for DY — 7~7T decays the reconstructed
invariant mass is always below the default mass window.

Three different types of backgrounds are simulated as seen in Figure The first
is to model the combinatorial background and has similar parameters as seen in data.
The second is inspired by partially-reconstructed D™ — K~ n 7T decays from B decays.
It has an exponential shape which decays faster than the combinatorial background,
see Figure for comparison. The third has a linear shape which is prompted by the
observed mass distribution of partially-reconstructed A. — pK 7" decays from A,
decays, see Figure|7.4

In each of the 1200 pseudo-experiments two million signal candidates with an
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Figure 13.1: The invariant mass distribution of the generated background events. The

distribution of (a) is similar to the one observed in data, (b) is inspired by partially-reconstructed
Dt — K~nrt decays and (c) is inspired by partially-reconstructed A, — pK ~nT decays.

asymmetry of (—1%) are simulated. The signal-to-background ratio is the same as
observed in the raw asymmetry fits to the D® — K~ K+ samples. Equal amounts of
the three background contributions are generated. Different scenarios with background
asymmetries of up to (£3 %) are tested. This constitutes an upper limit on the magnitude
of any possible effect as such large asymmetries are not observed in data and are also
not expected from detection or production asymmetries.

For each pseudo experiment the generated mass distributions of negatively- and
positively-tagged candidates are simultaneously fitted with the default PDF given
in Chapter to extract the raw asymmetry. The largest bias of the fitted raw
asymmetries, (0.027 %), is observed when simulating an asymmetry of (+3 %) for the
Ac-like background. One corresponding pseudo-experiment is shown in Figure [13.2]
Systematic biases are present in the pull distributions of the invariant mass fits. They
are not seen in the fits to data, see Figure

Nevertheless, a systematic uncertainty of 0.03 % corresponding to the observed bias
in the pseudo-experiments is assigned as systematic uncertainty to the raw asymmetry
determination and is propagated to the AAcp and Acp(K~ K™) measurements. It has
been checked that biases are negligible when the signal-to-background ratios of the
Cabibbo-favoured D decay modes are simulated.
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13.1.3 Multiple candidates

The trigger and off-line selection allows to select more than one candidate per event
if all candidates pass the trigger and off-line requirements. All Dt — K% T and
Dt — K—n"7nT candidates are built out of unique sets of tracks and the tag of all
candidates is unambiguous. Thus, every candidate is used. In the muon-tagged decays,
a D° candidate can be tagged twice with two different muon candidates or the same
muon candidate is combined with two different D? candidates. Both cases create
peaking backgrounds. Additionally, using the same D° candidate twice leads to an
underestimation of the statistical uncertainty.

The fraction of multiple candidates is determined to be below 0.2 % for all muon-
tagged decays. Furthermore, no asymmetry larger than 2% is found in the events
with multiple candidates. Possible biases on the raw asymmetry and the statistical
uncertainty are negligible.

13.2 Cancellation of production and detection asymme-
tries

Systematic uncertainties due to the assumption that production and detection asymme-
tries cancel in the difference of two raw asymmetries are discussed.

13.2.1 Higher-order corrections

The assumption that a raw asymmetry can be written as the sum of its contribution
is valid up to the third order in the asymmetries. For example, the raw asymmetry of
muon-tagged D — K~ K+ or D’ — 7~ nt decays is given without approximations in

Equation

Acp(f) +Ap(B) + Ap(u~) + Acp(f)Ap(B)Ap(u™)

Araw(f) = 1 5 _ _ (13.1)
1+ Ap(B) Acp(f) + Ap(B) Ap(u~) + Acp(f) Ap(p)
Expanding the expression to third order, yields the result
Avaw(f) =Acp(f)+Ap(B)+Ap (™) —2Acp(f) Ap(B) Ap(u™)—Acp (f)? (Ap(B)+Ap (1))
~Ap(B)* (Acp+Ap(n™)~Ap(n)* (Acp (£)+Ap(B)+0(A) . (13.2)

Since all involved asymmetries are at the per-cent level or below, the correction of A3
terms is of order 10~°. Similar expressions hold for the raw asymmetries of the other
decay modes.

In the AAcp measurement two raw asymmetries are involved, in the Acp(K~K™)
measurement four. The systematic uncertainties due to the higher-order corrections to
the raw asymmetries are negligible in both cases.
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13.2.2 Effective D° production asymmetry

The measurements of AAcp and Acp(K~ K1) assume the same effective production
asymmetry of DY mesons in semileptonic B decays for the muon-tagged decay modes.
The effective D° production asymmetry differs from the B production asymmetry
due to possible CP violation in B decays and B° mixing, cf. Chapter A dif-
ferent fraction of B® mesons in the muon-tagged D° — K~K*, DY — 7~ n* and
D? — K~7t samples leads to residual asymmetries in the AAcp and Acp(K~K™)
measurements. The fraction of B mesons in semileptonic B decays is calculated to
be f(B%) = N(B%)/(N(B") + N(B")) = (37.5 £ 2.9) %, cf. Chapter It is found
in studies with simulated events, see Reference [44], that the reconstruction efficien-
cies of muon-tagged D decays are slightly different for B® and B* mesons, and that
these relative differences are slightly different for the D — K~ K*, D?— 7~x* and
D°— K~nt samples. The differences of the reconstruction efficiencies change f(B)
by up to (0.34 £ 0.18) %.

A conservative upper bound of this effect is estimated. According to Equation [2.49]
the effective DY production asymmetry is given by

Ap(D° from B) = f(B°) D Ap(B°) + (1 — f(B°)) Ap(B™) .

A total effective D° production asymmetry of (—1%) coming only from the BT meson
contribution is assumed, i.e., Ap(B°?) = 0 and, hence, Ap(B*) = —1.6 %. Assuming
further a maximum difference in f(B°) of 1% between the muon-tagged D° samples,
the systematic effect is estimated to be 0.016 % ~ 0.02 %. This number is propagated
as a systematic uncertainty to the Acp(K~ K1) and AAcp measurements.

13.2.3 Interference between B° mixing and effective D° production
asymmetry

The effective DY production asymmetry from B° mesons is diluted by neutral meson
mixing, cf. Chapter According to Equation the dilution factor is calculated
to be 0.628. The calculation assumes that the reconstruction efficiency is the same
for all B? decay times. Together with the dilution of the B? production asymmetry, a
different decay-time acceptance of D? — K~ KT and D°— 7~z candidates induces a
residual asymmetry in the AAcp measurement.

As the BY meson is not fully reconstructed in the muon-tagged samples, the decay
time cannot be easily determined. The flight distance of the B candidates is used, see
Figure to estimate differences in the decay-time acceptance. A difference of 5% in
the average flight distance of D — K~ K+ and D°— 7~ 7" candidates is found.

A possible residual asymmetry is evaluated by a simple approach where the decay-
time acceptance is modelled by a step function. Using this decay-time acceptance,
Equation is modified to

L'q

Pose = 2/ e~ tat (1 — cos (Amgt)) dt | (13.3)
to

where t( is the minimum reconstructed decay time. From independent studies [83] it is
seen that a realistic choice of ¢y is around 1 ps. Two different values are used to model
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Figure 13.3: The B flight distance of D’ — K~ KT and D°— 7~ 7" candidates. The average
flight distances are 13.1 mm and 12.5 mm. The kinematic weights of the AAcp measurement
are taken into account.

the decay-time difference of DY — 7~ 7t and DY — K~ K™ decays. The choice to = 1 ps
for DY — 7= 7t decays and ty = 1.2ps for D° - K~K™ decays results in a ratio of
average decay-times of 1.08 which roughly corresponds to the difference observed for the
B flight distances. Using Equations and assuming a B production asymmetry
of (—1%) and using the calculated fraction of B® mesons, f(B°) = (37.5 +2.9) %, the
difference in effective D° production asymmetries of D® - KK+ and D° — 7~ n "
decays is calculated to be 0.02%. This value is stable when using different values for ¢g.
As the assumptions are conservative, this number constitutes an upper limit of the effect
and 0.02% is propagated as systematic uncertainty to the AAcp and Acp(K~K™)
measurements.

13.2.4 Variations of the kinematic weighting

The kinematic weighting, cf. Chapter is applied to equalise the kinematic dis-
tributions of reconstructed particles such that momentum-dependent production and
detection asymmetries cancel in the difference of two raw asymmetries. The correc-
tion induced by the weighting is 0.05% in the AAcp measurement and 0.15 % in the
Acp(K~K™) measurement. After the weighting, residual differences remain in the
kinematic distributions. The systematic studies are dedicated to quantify the effects of
the residual differences and to test the extraction of the weights from the kinematic
distributions. The studies are performed directly with data. There is the risk that
differences are induced by statistical fluctuations as the per-event weight can fluctuate
from one scenario to the other. The possible statistical fluctuations due to kinematic
weights are discussed in Chapters and Chapter Still, the observed variations
when changing the strategy to weight events constitute the scale of possible systematic
effects.
The results of the following tests are given in Table [I3.3}

e In the AAcp and in the Acp(K~ K1) measurement the weighting takes the
pr and 7 distributions of the D° candidates into account. Hence, differences in
the kinematics of the muon candidates are visible in Figures and An
additional weighting is performed to harmonise the pr, n and ¢ distributions of
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Table 13.3: The results of the systematic studies of the weighting procedure. The largest
differences to the default values are highlighted in red. The tests are explained in the text.

Test AAcp [%] ACP(K_K+) [%]
Default +0.137 £ 0.160 —0.057 £ 0.150
Additional weighting of | +0.146 + 0.160 —0.039 £ 0.150
muon pr,n and ¢

Additional weighting of - —0.057 + 0.150

kaon and trigger pion ¢
Number of bins decreased | +0.153 £ 0.160 —0.007 £0.148

(20 to 15)

Number of bins increased | +0.138 4= 0.160 —0.036 + 0.150
(20 to 25)

Different background sub- | +0.128 + 0.160 —0.008 £ 0.151
traction

Maximum difference 0.016 0.050

the muon candidates. The differences to the default results are below 0.02 % in
both cases.

The default weighting procedure does not include a weighting in the azimuthal
angle ¢ in order to keep the procedure as simple as possible. Significant differences
of the ¢ distributions are seen for example in Figure[8.10] The amount of traversed
material depends on the azimuthal angle ¢ of a particle as the LHCb detector
is not rotationally symmetric. Especially, the kaon detection asymmetry might
change as it depends on the amount of traversed material but also other detector
induced effects might play a role. Thus, the D™ — K~ 7n 7" sample is additionally
weighted to the ¢ distribution of the kaon candidates in the D? — K—7t sample.
Furthermore, the ¢ distribution of the trigger pion in the DT — K%rT sample is
adjusted to the ¢ distribution of the trigger pion in the D* — K~ 777 T sample.

No difference to the default value of Acp(K~K™) is observed. Interestingly, the
raw asymmetry of the D* — K -7 " sample changes by 0.04 % which is more
than the statistical uncertainty. This is a hint that with larger sensitivity a
weighting of the ¢ distributions might be needed. In this case, the changes of the
other raw asymmetries compensate the shift of Ay (K- 7t7™).

In Chapter pseudo-experiments are performed to test if the kinematic
weighting can correct for momentum dependencies. A second test is performed
directly with the data sample to estimate the variations within the finite bins of
the weighting histograms. The number of bins per dimension is decreased and
increased from 20 to 15 and 25, respectively. The Acp(K~K™) result changes by
0.05 % when the bin number is decreased, the value with the increased number of
bins deviates by 0.021 %. This test is likely dominated by statistical variations as
the weights change. Nevertheless, it gives a scale of systematic variations. The
largest difference of AAcp is 0.016 %.
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e The last study varies the procedure to subtract the background contribution
from the kinematic distributions. The default procedure uses a sideband subtrac-
tion which is explained in Chapter The background regions are defined as
[mp ppc — 60 MeV/c?, mp,ppG — 30 MeV/c?] and [mp ppc + 30 MeV/c?, mp ppG +
60 MeV/c?] and the signal regions are defined as |mp — mp ppc| < 30 MeV/c?. In
the prompt DT — K%r+ and D* — K77t samples the background regions are
changed to [mpppc — 50 MeV/c?, mp ppg — 25 MeV/c?] MeV/c? and [mp ppa +
25MeV/c?, mp ppc + 50 MeV/c?] and the signal regions accordingly. The back-
ground contribution in the muon-tagged decays is alternatively subtracted with
the sPlot techniqueﬂ which uses the fitted signal and background models to assign
weights to each event. The sPlot technique has advantages for samples with a
low signal yield but the disadvantage that signal and background model have to
accurately describe the data.

The determined AAcp and Acp(K~K™) values differ from the default values
by 0.009 % and 0.049 %, respectively. The latter is likely induced by statistical
fluctuations of the weights as all modes in the Acp(K~ K™) measurement have a
low background contribution.

The maximum shifts (rounded), 0.02% for AAcp and 0.05% for Acp(K~K™), are
taken as systematic uncertainties. Both numbers are about a third of the correction
due to the kinematic weighting. This shows that the procedure is robust.

13.2.5 Validation of the kinematic weighting with pseudo-
experiments

The cancellation of the production and detection asymmetries is tested by simulating
momentum-dependent asymmetries, cf. Chapter The data samples of prompt
D* and muon-tagged D° candidates are used to keep the real kinematic correlations
of all involved particles. The B and DT production asymmetries and muon, kaon and
pion detection asymmetries that are generated in this way are supported by the raw
asymmetries observed in Chapter No shift is seen in the value of AAcp, while a
small bias of 0.03 % is observed in the value of Acp(K~K™). This shift is propagated
as an additional systematic uncertainty of the weighting procedure.

13.3 Wrong flavour tags of muon-tagged D° decays

Wrong flavour tags are discussed in Chapter The mistag probability w dilutes
the measured CP asymmetries and the contribution of doubly Cabibbo-suppressed
DY — K*n~ decays damps the kaon detection asymmetry. The formulas to obtain
AAcp and Acp(K~ K™) are given by

AAcp = (1 +2w) [AraW(K_K+) - Araw(w_w+)] ,
Acp(K"K') = (14 2w) [Araw(K~K") = Araw(K~71)] + (1 = 2R)Ap(K ") .

2A short description of the sPlot technique [74] is given in Appendix
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The mistag probability is found to be w = (0.9875 + 0.0055) % for the AAcp mea-
surement and w = (0.7913 £ 0.0056) % for the Acp(K~ K) measurement. The val-
ues are confirmed with an alternative method which finds w = (0.982 4+ 0.019) % and
w = (0.803 + 0.021) % with the AAcp and Acp(K~K™) trigger selections, respectively.
As the observed raw asymmetries are at the per-cent level, the corrections are at the
sub per-mille level. The statistical uncertainties for w and R, and the differences of the
two methods give negligible systematic uncertainties.

A small difference of Aw = (0.028 +0.011)% is observed between the probabilities
to wrongly tag DY and D° mesons. Although any non-zero value is expected to cancel
in the difference of two raw asymmetries, the full difference is conservatively taken as a
systematic uncertainty. A systematic uncertainty of 0.03 % is propagated to the AAcp
and Acp(K~K™) measurements.

13.4 Neutral kaon asymmetry

The neutral kaon asymmetry is determined in Chapter @ The asymmetry Ap(K?) is
found to be (—0.054 £ 0.014) %, where the uncertainty is given by the knowledge of the
LHCDb material budget. The uncertainty is propagated as systematic uncertainty to the
Acp(K~K™) measurement.

13.5 Overall systematic uncertainty of AAcp,
ACP(K_K+) and ACP(7T_7T+)

All systematic uncertainties of AAcp and Acp(K~ K1) are summarised in Table
They are added in quadrature to obtain the total systematic uncertainties. The total
systematic uncertainty of AAcp is

Oeye” =0.08% |

and the total systematic uncertainty of Acp(K~K™) is

oA TED —0.10% .
In comparison, the statistical uncertainties are o5 2" = 0.16 % and JSAtgfu(_Kﬂ =0.15%.
Both measurements are not systematically limited, but the systematic uncertainty of
the Acp(K~K™) measurement is larger as the analysis is more complex.

Similar methods and a common D? — K~ K+ sample are used in both measurements.
Henceforth, the systematic uncertainties are correlated. The correlation can be deduced
from a potential Acp(m~7") measurement that uses the same method and calibration
samples as for Acp(K~K™). Neglecting small systematic differences due to the raw
asymmetry extraction of Ay (7~ 7T) and Ay (K~ KT), the potential Acp(n~nT)
measurement and the Acp(K~ K1) measurement have to have the same systematic
uncertainty. Following Equation the systematic uncertainty of Acp(m~7") is also
given by

— 2 2 — 2 -
Acp(x—nT)\* AAcp Acp(K~KT) AAcp _Acp(KTKT)
(Usyst ) - (Usyst ) + (szst -2 Psyst Usyst szst ’ (134)
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Table 13.4: Overview of all contributions to the systematic uncertainties of AAcp and
ACP(K_K+).

Source of uncertainty AAcp Acp(K—KT)
Production asymmetry:

Effective D° production asymmetry 0.02% 0.02%

Difference in B decay-time acceptance 0.02% 0.02%
Production and detector asymmetry:

Higher-order corrections ~ 0 ~0

Multiple candidates ~0 ~0

Different weighting 0.02% 0.05%

Non cancellation ~ 0 0.03%

Neutral kaon asymmetry - 0.01%
Background from real DO:

Mistag rate ~0 ~0

Mistag asymmetry 0.03% 0.03%
Background from fake D° mesons:

DY mass fit model 0.06% 0.06%

Wrong background modelling 0.03% 0.03%
Quadratic sum 0.08% 0.10%

where USA;,?E (”7#), USAy;‘tCP and asigf (7K are the systematic uncertainties of Acp (7~ 7"),

AAcp and Acp(K~K™), psyst 1s the correlation factor of the systematic uncertainties
of AAcp and Acp(K~ KT). Equating the systematic uncertainties of Acp(7~7") and
Acp (K K +),

Acp(n—nt)y _  App(k— KT
syst = Ogyet 7 (13.5)
yields the result
Adcp
1 Usyst
Psyst = 5 Ao (KT (136)
syst

The correlation factor of the systematic uncertainties of AAcp and Acp(K~KT) is
calculated to be
psyst =0.40 .

The total correlation coefficient, pio, between the AAcp and Acp(K~ K1) mea-
surements is obtained by combining the statistical and systematic correlations

AAcp _Acp(KTKT) AAcp _Acp(KTKT)
Pstat Tstat Ostat + Psyst Osyst  Osyst
Ptot = > 2 3 5 (13.7)
AAcp AAcp Acp(KTKT) Acp(KTKT)
\/(Ustat ) + (szst ) \/(Jstat ) + <szst
giving
Ptot = 0.28 .
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CHAPTER 14

Final results and conclusion

A measurement of direct CP violation in DY decays using semileptonic B decays, where
the tag of the initial flavour is given by the accompanying muon, is performed. The full
available data set of the LHCb experiment taken in 2011 and 2012 is used, corresponding
to 3fb~! of integrated luminosity. The difference of CP asymmetries in D?— K~ K+
and D° — 7~ 7t decays is found to be

AAcp = Acp(K™K') — Acp(mnt) = (4+0.14 £ 0.16 (stat) £ 0.08 (syst)) % .

An important part of the analysis is to study the robustness of the measurement as
detection and production asymmetries are at the same level or larger than possible CP
asymmetries. Therefore, it is extensively studied that this value is stable in different
data taking periods and in different regions of the phase space of all involved particles.

The biggest challenge of this work is to disentangle the CP asymmetries Acp(K~ K ™)
and Acp(m~nt). The large samples of muon-tagged Cabibbo-favoured D — K7+
decays and of prompt Cabibbo-favoured Dt — K~ ntnT and DT — K% T decays are
used to determine momentum-dependent production and detection asymmetries. The
largest detection asymmetry originates from different material interaction rates for
positive and negative kaons. The measurement of the spurious asymmetries uses a
weighting procedure which equalises the kinematic distributions of all involved particles.
In the relevant kinematic range, the detection asymmetry Ap(K 7") is determined
with high precision to be

Ap(K~m") = (=117 £ 0.12 (stat)) % .

Furthermore, a model is developed to calculate the detection and CP asymmetry of
neutral kaons, which leads to a small correction of (0.054 £+ 0.014) %.
With these inputs, the CP asymmetry Acp(K~K™) is measured to be

Acp(K~ K1) = (—0.06 £ 0.15 (stat) £ 0.10 (syst)) % .

The total correlation coefficient of AAcp and Acp(K~ K ™), including statistical and
systematic components, is pior = 0.28. The above results are combined to determine
the CP asymmetry in the D° — 7~ 7+ decay

Acp(m~mT) = (—0.20 £ 0.19 (stat) & 0.10 (syst)) % .

It should be pointed out that these results are obtained assuming no CP violation
in DY mixing and no direct CP violation in the Cabibbo-favoured D° — K77,
Dt — K—7ntnt and DT — K% decay modes. This work presents the most precise
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Figure 14.1: Overview of CP violation measurements in D° — K~ K+ and D°— 7~ 7" decays
showing (a) AAcp, and (b) the Acp(K~K™) versus Acp(n~n") plane. The 68 % confidence
level contours are displayed. The results are from BaBar , CDF , Belle , LHCb
(pion-tagged) and this work. The new world average values (WA) are obtained neglecting
any effect from indirect CP violation.

measurements of the time-integrated CP asymmetries Acp(K~K™) and Acp(n—7t)
from a single experiment to date. They show that there is no significant CP viola-
tion in the singly Cabibbo-suppressed D° — K~ K+ and DY — 7~ 7" decays at the
level of 1073.

An overview of the current measurements of AAcp is shown in Figure [[4.1h. It
includes a preliminary result of the pion-tagged analysis by the LHCb collaboration [84].
This measurement uses the full data set of 2011 in contrast to the previous measure-
ment . Due to additional data, the preliminary result of the pion-tagged analysis
is AAcp = (—0.34 £ 0.15 (stat) + 0.10 (syst)) %. This is significantly closer to zero as
previously reported. Contributions from indirect CP violation can be safely neglected
in the combination as it is measured to be small . The new world average of
AAcp = (—0.25 £0.11) % is obtained. Figure gives an overview of all measure-
ments in the Acp(K~K ™) versus Acp(nm~ ") plane. The updated world average values
are found to be Acp(K~ K1) = (—0.154+0.11) % and Acp(r~7t) = (+0.10 £ 0.12) %
with a correlation of 0.57. The results of this work are compatible at the 20 level with
the other measurements.

More CP asymmetry measurements with higher precision are needed to improve our
theoretical understanding of D° decays. They are the only meson system consisting of
up-type quarks and CP violation in their mixing and decays still needs to be confirmed.
Thus, it will be interesting to pursue these measurements in the future, but also
experimentally challenging. Already now the analysis is an important benchmark of the
LHCDb experiment’s performance as detection and production asymmetries are controlled
and measured at the level of 1073, The methods and tools developed in this analysis
are useful for other asymmetry measurements, especially in decays involving kaons. The
analysis method has proven to be capable to improve with more statistics to the sub
per-mille level.
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APPENDIX A

Addendum to trigger and ofi-line
selection

A.1 Trigger configurations

The analysis is restricted to a certain set of so-called trigger configuration keys (TCKs)
to guarantee stable running conditions in the selected data sample, cf. Chapter [6.2]
Every time the trigger configuration of the hard- or software trigger changes the TCK is
changed. The TCKs that have been used in the 2011 data taking are listed in Table
Trigger lines with a so-called prescale are randomly executed in a fraction of all bunch-
crossings. The fraction is given by the prescale. In 2012 the number of different TCKs
was higher than in 2011. However, for the decay channels of this analysis there is no
difference between most TCKs. The different configurations are shown in Table [A.1]
Table gives a comprehensive overview of the TCKs used in the data taking of
2012. The differences are often small and contain bug-fixes for new or not working lines.
”Same as” is defined as: TCKs that have the same LOMuon, LOHadron, H1t1TrackA11LO,
Hlt1TrackMuon, H1t2SingleMuon and H1t2TopoMuNBodyBBDT definition.

Table A.1: The trigger configurations used in the 2012 data taking and the relevant trigger re-
quirements. The TCKs that are not used in the selection are indicated with a dagger (). Each
TCK represents a set of equivalent TCKs, see Table Hlt1TrackAlILO: order of cuts: pt >, p >
(GeV/c), XEaac/ndf <, ValidateWithTT: ON/OFF. Hlt1TrackMuon: order of cuts: pr >, p > (GeV/c),
Xiracie/ndf <, ValidateWithTT: ON/OFF

TCK LOMuon pr LOHadron pr H1t1TrackAllLO Hlt1TrackMuon
0x94003d 1.76 3.62 1.7, 10.0, 1.5, OFF 1.0, 8.0, 2.5, OFF
0x95003dt | 1.76 3.62 1.7, 10.0, 2.0, ON 1.0, 8.0, 2.5, ON
0x990042 1.76 3.62 1.6, 3.0, 2.0, ON 1.0, 3.0, 2.5, ON
0x9a00427 | 1.76 3.62 1.7, 3.0, 1.5, ON 1.0, 3.0, 2.5, ON
0x990044 1.76 3.68 1.6, 3.0, 2.0, ON 1.0, 3.0, 2.5, ON
0x9f0045 1.76 3.74 1.6, 3.0, 2.0, ON 1.0, 3.0, 2.5, ON
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Table A.2: TCKs used in 2012 for magnet down and up polarity. The fraction indicates, how many
data were taken with each TCK. Same as means, that they are equivalent for the decay channels of this

analysis.

Up-TCKs | Fraction | Same as

0x94003d 0.15 | 0x94003d
Down-TCKs | Fraction | Same as 0x95003d 0.00 | 0x95003d
0x94003d 0.10 | 0x94003d 0x97003d 0.11 | 0x94003d
0x95003d 0.00 | 0x95003d 0x990042 0.36 | 0x990042
0x97003d 0.14 | 0x94003d 0x990043 0.00 | 0x990042
0x990042 0.23 | 0x990042 0x9a0042 0.00 | 0x9a0042
0x990044 0.11 | 0x990044 0x990044 0.02 | 0x990044
0xa30044 0.15 | 0x990044 0xa20044 0.00 | 0x990044
0x230046 0.01 0x9f0045 0xa30044 0.17 | 0x990044
0xa90046 0.06 0x9f0045 0x9f0045 0.02 0x9f0045
0xab0046 0.05 0x9f0045 0xal10044 0.02 0x9f0045
Oxac0046 0.11 0x9f0045 0xal0045 0.07 0x9f0045
0xad0046 0.00 0x9f0045 0xa30046 0.01 0x9f0045

0Oxac0046 0.00 0x9f0045

0xad0046 0.00 0x9f0045

Table A.3: TCKs used in the 2011 data taking and the relevant trigger requirements. The TCKs that
are not used in the selection are indicated with a dagger (}).

Magnet up | Magnet down | Requirements
0x360032 LOHadron threshold: pr > 3.5 GeV/c
0x480032 LOMuon threshold: pt > 1.48 GeV/c
0x6d0032 H1t1TrackAl1lLO: pr > 1.7GeV/e, rpv < 0.5 mm
0x700034 Hlt1TrackMuon: pr > 1.0 GeV/¢, rpy < 0.5mm
0x710035 H1t2SingleMuon: pr > 1.3 GeV/c, prescale=0.5
0x5a0032 0x5a0032
0x5b0032 0x5b0032
0x730035 0x730035
0x4a00337 LOHadron threshold: pr > 2.4 GeV/c
0x5d00337 LOMuon threshold: pt > 0.8 GeV/c
H1t1TrackAl1lLO: pr > 1.7GeV/e, rpv < 0.5 mm
Hlt1TrackMuon: pr > 1.0 GeV/¢, rpv < 0.5 mm
H1t2SingleMuon: pr > 1.0 GeV/c, prescale=1.0
0x7400367 LOHadron threshold: pr > 4 GeV/c
LOMuon threshold: pr > 1.6 GeV/c
H1t1TrackAllLO: pr > 1.7GeV/e, rpv < 0.5 mm
Hlt1TrackMuon: pr > 1.0 GeV/e, rpyv < 0.5 mm
H1t2SingleMuon: pr > 1.3 GeV/c¢, prescale=0.5
0x760037 0x760037 LOHadron threshold: pr > 3.5 GeV/c
0x790037 LOMuon threshold: pt > 1.48 GeV/c
0x790038 0x790038 H1t1TrackAl1lLO: pr > 1.7GeV/e, rpv < 0.3 mm

Hlt1TrackMuon: pr > 1.0 GeV/c, rpy < 0.3 mm
H1t2SingleMuon: pr > 1.3 GeV/c, prescale=0.5
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APPENDIX B

Addendum to wrong flavour tags

B.1 Full tables of mistag probability results

The results of all individual mistag probability measurements with the D° — K7+

sample are given in Table [B.I] The AAcp trigger selection is used. The results
obtained of the D* method are given for muon-tagged D* — K—7+, D’ -+ K~ K* and
D% — 7=t decays in Table The results that are determined with the Acp(K~K™)
trigger line selection are presented in Table
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Table B.1: The measured muon-wrong-sign ratios and the mistag probabilities (in per cent).
The AAcp selection is used. The result for a year is obtained by taking the arithmetic mean of
both magnet polarities. The final result is the weighted mean of both years.

Channel 2011 wpo [%)] wpo [%] Aw [%) w[%]
Up 0.940 4+ 0.077 0.891 +0.074 0.05 +£0.11 0.915 + 0.054
DY— K—nt
from D*+ Down 0.983 4 0.066 1.036 + 0.064 —0.052 £ 0.092 1.009 £ 0.046
Average 0.962 4 0.051 0.963 4 0.049 —0.002 £ 0.071 0.962 + 0.035
Channel 2012 wpo (%] wpo [%] Aw [%] w[%]
DOy K-t Up 0.900 4 0.047 1.062 £+ 0.045 —0.163 £ 0.065 0.984 + 0.032
%
from D*+ T Down 1.019 £ 0.049 0.980 4 0.046 0.039 4 0.067 0.999 + 0.034
Average 0.959 4 0.034 1.021 + 0.032 —0.062 £ 0.047 0.991 + 0.023
Channel 2011 wpo + RY [%] wpo + R~ (%] Aw [%] w+ R [%]
Up 1.370 £ 0.019 1.325 £ 0.018 0.044 £+ 0.026 1.347 £0.013
DY— K—nt
Down 1.381 £0.016 1.319 £0.016 0.062 4+ 0.023 1.350 £0.011
uncorrected
Average 1.375 £+ 0.012 1.322 £0.012 0.053 £ 0.017 1.3484 4+ 0.0087
Channel 2012 wpo + RY [%] wpo + R™ (%) Aw [%] w+ R [%]
DOy ot Up 1.405 £+ 0.011 1.376 £ 0.011 0.029 4+ 0.015 1.3904 4+ 0.0076
- T Down 1.386 £ 0.011 1.384 £0.011 0.002 £ 0.016 1.3849 + 0.0079
uncorrected
Average 1.3956 + 0.0078  1.3800 4 0.0077 0.016 4+ 0.011 1.3877 + 0.0055
Channel 2011 wpo [%)] wpo (%] Aw [%] w [%]
DOy K-t Up 0.981 4 0.020 0.935 4+ 0.019 0.046 £ 0.027 0.958 +0.014
- i Down 0.992 4+ 0.017 0.929 4+ 0.016 0.064 4+ 0.023 0.961 + 0.012
WS corrected
Average 0.987 +0.013 0.932 +0.013 0.055 +0.019 0.9594 + 0.0092
Channel 2012 wpo [%)] wpo (%] Aw [%)] w [%]
R Up 1.016 £0.012 0.986 4+ 0.012 0.030 £ 0.017 1.0014 4+ 0.0082
- i Down 0.997 £ 0.012 0.994 4+ 0.012 0.004 £ 0.017 0.9959 4 0.0084
WS corrected
Average 1.0070 + 0.0091 0.9899 4 0.0089 0.017 £ 0.013 0.9987 4 0.0062
Channel wpo [%)] wpo [%] Aw [%)] w[%]
DY — K—at 201142012 0.960 4 0.028 1.004 £+ 0.027 —0.044 £+ 0.039 0.982 + 0.019
from D*+t
DY— K—xt un- 201142012 1.3898 + 0.0066 1.3634 + 0.0065  0.0263 £ 0.0093 1.3765 + 0.0046
corrected
DY — K—nt 201142012 1.0012 + 0.0081  0.9733 £ 0.0079 0.028 £ 0.011 0.9875 £ 0.0055
WS corrected
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Table B.2: The measured mistag probabilities (in per cent) with the D* method for D° — 7= 7+,
D°— KK and D°— K7t decays. The AAcp selection is used for the three channels. The
result for a year is obtained by taking the arithmetic mean of both magnet polarities. The final
result is the weighted mean of both years.

Channel 2011 wpo [%) wpo [%] Aw [%] w

Up 1.39 £0.35 1.57 £0.33 —0.18 £ 0.48 1.47+0.24
DO — g—mt Down 1.35 4 0.29 0.80 +0.28 0.55 £ 0.40 1.00 4 0.20

Average 1.37 £0.23 1.18 £0.22 0.19 £0.31 1.23 £0.16
Channel 2011 wpo (%) wpo [%] Aw [%] w

Up 1.17£0.19 0.96 & 0.18 0.21 +0.26 1.04 £0.13
DV KKt Down 1.06 £0.16 0.91 £ 0.16 0.15+0.22 0.98 £ 0.11

Average 1.11 £0.12 0.93+0.12 0.18 £0.17 1.011 £ 0.085
Channel 2011 wpo [%] wpo [%] Aw (%] w

Up 0.940 +0.077  0.892 £+ 0.074 0.05 £ 0.11 0.915 4+ 0.054
DY— K—xt Down 0.984 +0.066 1.036 £0.064 —0.052 £0.092 1.009 4 0.046

Average 0.962 + 0.051 0.964 +£0.049 —0.002 £0.071 0.962 4+ 0.035
Channel 2012 wpo (%] wpo [%] Aw (%] w

Up 1.24 +£0.20 0.84 +0.20 0.40 £+ 0.28 1.04 +£0.14
DY — n—xt Down 1.09 £0.21 1.04 £0.20 0.05 +0.29 1.06 £0.14

Average 1.17+£0.14 0.94 +0.14 0.23 +0.20 1.05 £0.10
Channel 2012 wpo [%] wpo [%] Aw (%] w

Up 083+£0.11  093+0.11  —0.10+0.15  0.883 £ 0.076
DY— K- Kt Down 1.18 £0.12 0.88 £ 0.11 0.29 £0.16 1.029 + 0.080

Average 1.005 + 0.080  0.906 £+ 0.077 0.10 £ 0.11 0.956 4+ 0.055
Channel 2012 wpo (%] wpo [%] Aw [%] w

Up 0.900 £0.047 1.062+0.045 —0.162+0.065 0.984 & 0.032
DO — K—nt Down 1.019 £0.049 0.980 4 0.046 0.039 4 0.067 0.999 4+ 0.034

Average 0.959 +0.034 1.021 £0.032 —0.062 £0.047 0.991 4 0.023
DO — = xt 201142012 1.22 +£0.12 1.01 £0.12 0.21 +£0.17 1.104 £ 0.085
DV— K- Kt 201142012 1.037 £0.067 0.914 4+ 0.065 0.123 £ 0.093 0.972 4+ 0.046
DY— K—nt 201142012 | 0.960 +0.028 1.004 +£0.027 —0.043 £0.039 0.982 4+ 0.019
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Table B.3: The measured muon-wrong-sign ratios and the mistag probabilities (in per cent) for
D— K—7t and D' — K~ K™ candidates. The Acp(K~K™) selection is used. The result for

a year is obtained by taking the arithmetic mean of both magnet polarities. The final result is

the weighted mean of both years.

Channel 2011 wpo [%)] wpo (%] Aw [%)] w [%]
Up 0.678 + 0.083 0.700 + 0.081 —0.02 +£0.12 0.687 £ 0.075
DO — K—nt
from D*+ Down 0.728 +0.072 0.887 +0.070 —0.16 £ 0.10 0.808 £ 0.050
Average 0.703 4 0.055 0.794 4+ 0.053 —0.091 £ 0.077 0.748 + 0.045
Channel 2012 wpo [%)] wpo (%] Aw [%)] w [%]
DOy Kt Up 0.727 + 0.049 0.868 + 0.047 —0.141 + 0.067 0.799 £+ 0.034
K-
from D*+ T Down 0.855 + 0.051 0.821 +0.048 0.035 + 0.070 0.838 £+ 0.035
Average 0.791 + 0.035 0.845 + 0.034 —0.053 £ 0.049 0.818 £ 0.024
Channel 2011 wpo + RY [%] wpo + R™ [%)] Aw [%] w [%]
DO F—mt Up 1.152 +0.018 1.108 +0.019 0.044 + 0.026 1.129 +0.014
~ 4 Down 1.156 £ 0.017 1.106 £ 0.016 0.051 +0.023 1.131 £ 0.012
uncorrected
Average 1.154 £ 0.012 1.107 £ 0.012 0.047 +0.017 1.1299 + 0.0089
Channel 2012 wpo + Rt [%] wpo + R™ [%)] Aw [%] w (%]
o g Up 1.218 £0.011 1.185 £ 0.011 0.033 +0.015 1.2014 4+ 0.0076
D= K™ Down 1.198 +0.011 1.197 £ 0.011 0.001 + 0.016 1.1974 4+ 0.0079
uncorrected
Average 1.2078 & 0.0078  1.1912 4+ 0.0076 0.017 £ 0.011 1.1994 + 0.0055
Channel 2011 wpo [%)] wpo (%] Aw [%] w [%]
DO s Kt Up 0.763 & 0.019 0.718 & 0.019 0.046 + 0.027 0.740 £ 0.014
- i Down 0.768 4+ 0.017 0.716 +0.017 0.052 4+ 0.024 0.742 + 0.012
WS corrected
Average 0.765 + 0.013 0.717 £+ 0.013 0.049 + 0.019 0.7409 £ 0.0094
Channel 2012 wpo [%] wpo (%] Aw [%] w [%]
0 - Up 0.829 + 0.012 0.795 + 0.012 0.034 +0.017 0.8124 £ 0.0082
D= K=n Down 0.809 4+ 0.012 0.807 +0.012 0.002 4+ 0.017 0.8084 + 0.0084
WS corrected
Average 0.8192 +0.0091  0.8011 + 0.0089 0.018 +0.013 0.8104 + 0.0063
Channel wpo [%)] wpo (%] Aw [%] w [%]
DY — K—xt 201142012 0.766 = 0.030 0.830 + 0.028 —0.064 +0.041 0.803 £ 0.021
from D*t
D0 — K—nt un- 201142012 | 1.19234+0.0066 1.1679 £ 0.0065 0.0253 +0.0093  1.1803 4 0.0047
corrected
D — K—xt 201142012 0.8037 4 0.0081  0.7778 £ 0.0080 0.027 £ 0.011 0.7913 £ 0.0056
WS corrected
DO K- K+ 201142012 0.859 + 0.070 0.749 + 0.068 0.111 +0.098 0.801 £ 0.049
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Figure B.1: The pt (left) and n (right) distribution of muon (top) and D° (bottom) is shown
for muon- and doubly-tagged D° — K~ 7t candidates.

B.2 Kinematic distributions of doubly-tagged candidates

The additional selection cuts of the D* method change the kinematic distributions of
the muon candidates, this could affect the mistag probability. In Figure the pr
and 7 distributions of the muon and the D candidates are shown for all events and
doubly-tagged sample. While the pr spectrum is very similar, there is a clear difference
in the 7 distribution. This is because an additional track has to be reconstructed in the
LHCb acceptance. The wrong-sign method does not have this disadvantage as it uses
the full sample and the same selection. However, it can only be used in the D — K7+
channel and needs external input.

B.3 Fit model of Am distribution

The D** method reconstructs the D* and its accompanying pion. The mistag probability
is determined with a binned maximum-likelihood to the Am distribution. The fit is
performed simultaneously in the wrongly- and rightly-tagged events. Therefore, the
event yields of wrongly-and rightly-tagged candidates, Ngig right and Ngig wrong, are
parameterised as

Nsig right = Nsig (1 —w) (B.1)
Nsigwrong = Nsig w (B.2)

where N, is the total signal yield and w the mistag probability. The signal fit model
of the Am distribution is taken from the description used in Reference [82]. It consists
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242 B. Addendum to wrong flavour tags

of two Gaussians and a Johnson Sy distribution [85] for the signal. The Johnson Sy
distribution is defined as,

| sl + 8 st (2]

I (z|p, 0,6,7) = N = : (B.3)

where § and y are tail parameters, u and o correspond to the parameters of a Gaussian.
The two Gaussians have the same mean. The mean of the Johnson function can be
different. Again the shape parameters are shared between rightly- and wrongly-tagged
candidates. However, an offset in the mean value has to be allowed as the mean
is different for wrongly-and rightly-tagged candidates, see Chapter for further
information. To improve the fit stability, one of the fractions of the Gaussians is
constrained in the fit. For samples with a low signal yield, additionally one width has
to be fixed. The tail parameters § and ~ of the Johnson Sy distribution are constrained
to 1.1 and —0.22, respectively.

The background contribution is fitted with an empirical model with the parameters
Amg, A and C-:

PDF A = —
bkg( m) kag e—C(Am—Amg)/Amg (Am — Amo)A if Am > Amyg

1 { 0 if Am < Amg

(B.4)
This is the same parameterisation as used in the D° mixing analysis [82]. The parameter
Amyg has been fixed to 139.57 GeV/c, the parameter A was fixed for stability reasons in
all channels to 0.37. Parameter C' was free to float. The choice of this parameterisation
is motivated by looking at combinations of D? candidates with pions from another
event.

The parameters A and C have been fixed to 3.5 and 2.6, respectively. This is done
for the description of the rightly- and wrongly-tagged candidates. The parameter B is
allowed to float and is different for rightly- and wrongly-tagged candidates. In the ideal
case the parameter Amg should equal the pion mass of 139.57 MeV/c?. However, the fit
prefers a slightly lower value around 139.2 MeV/c?. Thus this parameters is allowed to
float as well.

B.4 Impact parameter distributions

The mean of the Am peak of wrongly- and rightly-tagged is slightly shifted. This is
because the impact parameter distribution of both samples are shifted towards each
other, see Figure This leads to a bias in the Am distribution, as the impact
parameter criteria preferentially select particles which are scattered in one direction in
the RF foil. This changes the opening angle between the D° and the pion candidate
and, thus, Am is biased.

B.5 Additional tests for mistag probability determination

The Cabibbo-favoured decay of a D° meson is D — K~ 7t. The muon from the
semileptonic B decay is negatively-charged in the case of a D? meson. Thus, the
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Figure B.2: The impact parameter distribution of D** tagged D° — K ~7+ candidates.

combination of K~ 7" and p~ is called muon-right-sign, as well as the combination
K+t 7~ and ut for DY mesons. The combinations KT 7~ and g~ and K~ nF and pt
are called muon-wrong-sign. A muon-wrong-sign combination can have two sources.
A D° (D) meson can decay doubly Cabibbo-suppressed to K+ 7~ (K~ «nt). The
other source are events where a muon and a D° candidate are combined, although
they did not originate from the same B decay. Thus, there is the possibility that
the muon charge gives the wrong tag. The default method to measure the mistag
probability is based on measuring the muon-wrong-sign ratio of D® — K ~n1 events.
First, the ratio of muon-wrong-sign candidates is determined. Then, the known ratio of
doubly Cabibbo-suppressed decays is subtracted. Therefore, muon-wrong-sign decays
are included in the selection. The disadvantage of that strategy is, that it damps the
kaon detection asymmetry, as a p~ candidate is combined with K~ 7+ and K+ 7~
candidates.

The other method to measure the mistag probability is based on D*T decays. It
is checked, if the D° candidate and a charged pion in the event can be combined to
D** candidate. This is possible as a B meson can decay semileptonically via a D**
resonance. This method has the advantage that it can be used to determine the mistag
probability in D? - K~ K* and D — 7~ 7t decays where the D° meson decay products
contain no information about the D° meson flavour.

In Section [10| both methods are compared and give consistent results for the D°—
K~—7" sample. In the case of D*T decays, pion-wrong-sign events can be defined. There
the combination K~ 7" and 7% or K 7~ and 7~ is called pion-right-sign. The other
possible combinations, K+ 7~ and 77 or K~ 7" and 7, are called pion-wrong-sign.

In Figurethe Am distribution of DY — K~ 771 events is shown for the default, the
muon-right-sign and the pion-right-sign selection. It can be seen that a selection of muon-
right-sign events leads to a very small mistag probability. While that is an advantage
for the D® — K~r selection, the assumption of an universal mistag probability in the
semileptonic modes is broken. This is due to the fact, that additional information of
the event is used. If D — K7t decays are selected, it is much more likely that also
a negative muon is in the event, as a K~ 7" pair originates in approximately 99.6 %
of all events from a DY meson. In the case of D° -+ K~ K+ or D’ — 7~ n% candidates
this selection cannot be made.

On the other hand, the pion-right-sign sample does not have this bias as it does
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244 B. Addendum to wrong flavour tags

Table B.4: The measured mistag probability (in per cent) for D’ — K~ 7T using the AAcp
selection using the D** method and the full data sets of 2011 and 2012.

Selection ‘ wt (%] w™ [%)] Aw [%] w [%]

default 0.960 £0.028 1.004 £0.027 —0.043£0.039  0.982 +0.019
muon-right-sign | 0.122 £0.028 0.165 +0.024 —0.043+0.037  0.130 £ 0.017
pion-right-sign | 0.879 £0.014 0.865+0.013 0.014+0.019  0.8724 + 0.0095

not use additional information of the D final state. A very clean sample of D**
decays is selected by using only pion-right-sign events, see Figure The fitted
mistag probabilities with the D* method of the default, the muon-right-sign and the
pion-right-sign sample are given in Table The muon-right-sign values clearly differ
from the other two due to the discussed reasons. The value of the default approach and
the pion-right-sign are not compatible, but of the same order. The difference of the
two could be taken as a systematic uncertainty of the Am method to determine the
mistag probability. However, the systematic uncertainty would be negligible due to the
smallness of the correction.
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Figure B.3: small The Am distribution of doubly-tagged D° — K~ 7+ decays is shown. The
left plots show the right muon tagged events, the right plots the wrong muon tagged events.
The blue line indicates the signal fit model, the red line the background. The 2012 Up sample is
used and the merged sample of positively and negatively tagged events is used.
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APPENDIX C

Addendum to CP asymmetry
measurements

C.1 Fit parameters of raw asymmetry fits

C.1.1 AAcp

All fit parameters of the AAcp measurement are shown in Tables and The
correlation with the fitted raw asymmetry are shown in Tables and

Table C.1: The fit parameters of the asymmetry fit to the D — K~ K™ samples. The AAcp
trigger selection is used.

Up 2011 Down 2011 Up 2012 Down 2012

Abkg —1.648 £0.33 0.45+0.28 —0.699 £ 0.20 —0.449 £0.20
Araw —0.480 £0.23 —0.404 £0.19 —0.448 £0.13 —0.436 £0.13

m 1865.029 £ 0.016  1865.049 +0.014  1864.9106 = 0.0092  1864.9041 £ 0.0095
o1 5.540 £ 0.060 5.326 £ 0.073 5.523 £ 0.035 5.504 £ 0.036
ar x 100 —0.5489£0.013 —0.5234£0.011  —0.56226 £ 0.0074  —0.54813 £ 0.0078
a_ x100 —0.5366 £0.013 —0.5542£0.011 —0.55905 £0.0075 —0.56777 £ 0.0078
fi 0.646 £+ 0.026 0.574 £ 0.030 0.653 £ 0.015 0.646 £ 0.016
Nike 134281 + 544 191418 £+ 648 384575 £ 922 351885 £ 881
Niig 241563 £ 635 335756 £ 751 728959 £ 1093 684569 £ 1053

s 1.628 £0.025 1.606 + 0.016 1.630 £ 0.014 1.630 £ 0.014
Ap 0.00 0.00 0.00 0.00

o 2.70 2.70 2.70 2.70

n 1.50 1.50 1.50 1.50

Sp 1.00 1.00 1.00 1.00

247



248 C. Addendum to CP asymmetry measurement

Table C.2: The correlation with A, of the asymmetry fit to the DY — K~ K+ samples.

Up 2011 Down 2011 Up 2012 Down 2012

ClAraw, Abkg] ~ —0.256 —0.254 —0.251 —0.250
ClAraw, Araw) 1.00 1.00 1.00 1.00

C[Araw, 1] 0.00 —0.001 —0.001 —0.000
C[Araw, 01] —0.001 0.00 0.00 —0.001
C[Araw, a+] 0.03 0.03 0.03 0.03

ClAraw, a-] —0.032 —0.033 —0.032 —0.033
ClAraw, f1] —0.001 0.00 0.00 —0.001
CAraw, Nokg] 0.00 —0.002 0.00 0.00

C[Araw, Nsig] ~ —0.003 0.00 —0.001 —0.001
ClAraw, 8 —0.002 0.00 —0.001 —0.001

Table C.3: The fit parameters of the asymmetry fit to the D° — 7~ 7% samples.

Up 2011 Down 2011 Up 2012 Down 2012
Abkg —0.635 £ 0.45 0.44 £0.37 —0.507 £0.24 —0.594 £0.25
Avres —3.08+4.2 1.2£38 —2.77+22 6.9+2.3
Araw —1.167 £0.40 —0.373£0.34 —0.216 £0.23 —0.791 £ 0.23
Href 1793.4£1.4 1791.8 £2.8 1792.8 £1.1 1791.85 £ 0.97
H 1864.868 £ 0.039  1864.832 £ 0.033 1864.664 £ 0.022 1864.614 £ 0.023
o1 5.94 £0.19 5.76 £0.15 6.425 £0.071 6.439 £ 0.079
Oref 8.36 £0.76 91+14 9.60 £ 0.60 10.04 £ 0.51
ay X 100 —0.2281 £0.017  —0.2447 +£0.014 —0.19144 £0.0097 —0.20072 £ 0.0098
a_ x100 —0.2550£0.016 —0.2409 £0.014 —0.21135+£0.0094 —0.20379 £ 0.0098
f1 0.277 £ 0.032 0.225 £ 0.023 0.350 £0.018 0.329 £0.019
fref 0.0389 +£ 0.0024 0.0367 £ 0.0024 0.0477 £ 0.0017 0.0458 + 0.0017
Nykg 90643 + 645 128439 £+ 768 317985 £+ 1343 298310 £ 1295
Nsig 91041 + 507 125002 £ 575 288969 £ 978 273332 £ 952
s 1.612 £ 0.045 1.630 £ 0.040 1.508 £ 0.017 1.500 £ 0.018
Ap 0.00 0.00 0.00 0.00
o 1.50 1.50 1.50 1.50
n 2.00 2.00 2.00 2.00
Sp 1.00 1.00 1.00 1.00
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Table C.4: The correlation with A, of the asymmetry fit to the D° — 7~ 7+ samples.

Up 2011  Down 2011  Up 2012 Down 2012
ClAraw, Abkg]  —0.328 —0.325 —0.349 —0.349
ClAraw, Aret] 0.14 0.14 0.16 0.16
ClAraw, Araw] 1.00 1.00 1.00 1.00
ClAraw, piret] 0.00 —0.008 0.01 —0.002
C[Araw, 1] —0.003 0.00 —0.001 0.00
ClAraw, 01] —0.003 —0.001 —0.005 —0.002
ClAraw, Oref] —0.004 0.01 —0.012 0.01
ClAraw, a+] —0.055 —0.046 —0.076 —0.066
ClAraw, a—] 0.05 0.05 0.06 0.07
ClAraw, f1] —0.002 —0.000 —0.008 —0.001
ClAvaw, fref] ~ —0.005 0.00 —0.016 0.00
C[Araw, Nokg] 0.00 —0.005 0.01 0.00
C[Araw, Nsig] ~ —0.001 0.00 —0.010 —0.000
ClAraw, 8] 0.00 0.00 —0.001 0.00
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C.1.2 ACP(K_K+)
All fit parameters of the Acp(K~ K™) measurement are shown in Tables

The correlations with the fitted are asymmetry are shown in Ta-

and
bles [C.2] [C.§] [C.10] and [C.12]

Table C.5: The fit parameters of the asymmetry fit to the D° — K~ KT samples. The
Acp(K~KT™) trigger selection is used.

Up 2011 Down 2011 Up 2012 Down 2012
Abkg —1.623 + 0.36 0.01 £ 0.30 —0.688 + 0.21 —0.200 + 0.22
Asawe 02234024  —0.422 +0.20 —0.515 +0.13 —0.387 +0.14

" 1865.021 +0.017  1865.011 +0.014  1864.8718 + 0.0093  1864.8635 + 0.0096
o1 5.310 + 0.091 5.280 + 0.070 5.488 + 0.034 5.486 + 0.034
ay x 100 —0.578340.014 —0.5628 +0.012  —0.59969 + 0.0080  —0.58110 + 0.0085
a_ x100 —0.5791+0.014 —0.5932+0.012 —0.59401+0.0081  —0.60323 + 0.0085
f 0.584 + 0.039 0.582 + 0.031 0.670 + 0.016 0.673 + 0.015
Nig 111363 + 496 160711 + 586 331495 + 853 300484 + 809
Nag 211511 =+ 589 206793 + 693 681861 + 1038 635643 + 995

s 1.593 + 0.021 1.588 + 0.018 1.626 + 0.015 1.635 + 0.016
Ap 0.00 0.00 0.00 0.00

a 2.70 2.70 2.70 2.70

n 1.50 1.50 1.50 1.50

$p 1.00 1.00 1.00 1.00

Table C.6: The correlation with A, of the asymmetry fit to the D® — K~ K+ samples. The
Acp(K~K™) trigger selection is used.

Up 2011 Down 2011 Up 2012  Down 2012

ClAraw, Abkg]  —0.245  —0.246  —0.243  —0.241
ClAraw, Araw]  1.00 1.00 1.00

ClAraw, 1] 0.00 —~0.001  —0.001  —0.000
ClAraw, 01] 0.00 0.00 0.00 —0.001
ClAraw, 0] 0.03 0.03 0.03

ClAraw, a_] —0.034  —0.034  —0.032  —0.032
ClAraw, f1] 0.00 0.00 —0.000  —0.002
ClAraw, Nokg] ~ 0.00 0.00 0.00

C[Araw, Nsig] ~ —0.001  —0.001  —0.002  —0.001
ClAraw, §] 0.00 —0.001  —0.002  —0.002
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Table C.7: The fit parameters of the asymmetry fit to the DY — K—7F samples. The
Acp(K~KT) trigger selection is used.
Up 2011 Down 2011 Up 2012 Down 2012

Apkg —1.657 £ 0.67 0.76 £ 0.56 0.05 £+ 0.36 0.13 £0.37

Araw —1.703 £0.10 —1.6176 + 0.088 —1.3257 + 0.057 —1.5784 + 0.059

Ap 0.008 £ 0.016 0.014 £0.014 —0.01999 £ 0.0090 0.0435 %+ 0.0093

« 2.187+0.012 2.186 £ 0.011 2.2639 4+ 0.0063 2.2717 4+ 0.0066

m 1864.834 £0.012  1864.843 +0.010 1864.6905 4 0.0065 1864.6537 £ 0.0067

o1 6.390 £ 0.025 6.468 + 0.023 6.526 £+ 0.013 6.474 + 0.014

a4+ x 100 —0.5535 £ 0.025 —0.5662 4+ 0.022 —0.6125 £ 0.013 —0.6335 +=0.014

a— x 100 —0.5663 £0.025 —0.5576 & 0.021 —0.5943 £ 0.013 —0.5933 £ 0.014

f1 0.6715 4+ 0.0079 0.6943 + 0.0074 0.7081 4+ 0.0042 0.6940 + 0.0044

Npkg 57237 4 548 80753 4 658 194821 + 1001 181662 4 956

Nsig 1004847 £ 1117 1415877 £+ 1330 3320101 4+ 2032 3104010 4+ 1959

s 1.6450 £ 0.0076 1.6445 £ 0.0075 1.6649 + 0.0047 1.6597 + 0.0046

Sp 0.9944 4+ 0.0020 0.9970 4+ 0.0017 0.9961 4+ 0.0011 1.0017 + 0.0011

n 1.50 1.50 1.50 1.50

Table C.8: The correlation with A, of the asymmetry fit to the D° — K~z samples. The
Acp(K~K™) trigger selection is used.

Up 2011 Down 2011 Up 2012 Down 2012
ClAraw, Abkg] —0.221 —0.223 —0.220 —0.219
ClAraw, Araw] 1.00 1.00 1.00 1.00
ClAraw, Ap] 0.01 0.01 0.01 0.01
ClAraw, o] 0.00 0.01 0.00 0.00
ClAraw, 1 —0.008 —0.009 —0.007 —0.007
ClAraw, 01] 0.03 0.03 0.03 0.03
ClAraw, a+] —0.006 —0.009 —0.001 0.00
ClAraw, a] —0.000 0.00 —0.002 —0.003
ClAraw, f1] —0.000 —0.002 —0.003 —0.004
ClAraw, Nokg] 0.00 0.00 0.00 0.00
ClAraw, Nsig] —0.001 —0.000 —0.001 —0.001
ClAraw, 5] 0.00 0.00 —0.001 —0.002
ClAraw, Sp) —0.119 —-0.119 —0.119 —0.118
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Table C.9: The fit parameters of the asymmetry fit to the D¥ — K~ 77t samples. The

Acp(K~K™) trigger selection is used.

Up 2011 Down 2011 Up 2012 Down 2012
Abpkg —1.811 £0.70 1.32 £ 0.58 —0.414 £ 0.32 —0.066 £ 0.33
Araw —2.1871 £0.076 —1.6014 £ 0.063 —1.9200 £ 0.036 —1.6918 £ 0.038
Ap 0.093 £ 0.011 0.1640 £ 0.0093 0.0094 £ 0.0054 0.1738 £ 0.0056
o 2.3587 +0.0072 2.3503 £ 0.0058 2.3357 £ 0.0034 2.3361 £+ 0.0036
I 1869.4601 £ 0.0082  1869.4163 £ 0.0067  1869.3790 £ 0.0039  1869.2926 +£ 0.0040
o1 6.020 £ 0.016 5.994 £ 0.013 6.0312 £ 0.0078 6.0168 £ 0.0082
a4+ x 100 —0.2447 £ 0.029 —0.2276 £ 0.025 —0.2350 £ 0.013 —0.2499 £ 0.014
a_ x 100 —0.2462 + 0.029 —0.2453 £ 0.024 —0.2330 £ 0.013 —0.2553 £ 0.014
fi 0.6562 £ 0.0054 0.6548 £ 0.0043 0.6458 + 0.0026 0.6433 £ 0.0027
Nikg 59348 + 699 87077 £ 860 292021 +£ 1553 271083 + 1494
Nsig 1821028 +£ 1500 2672258 £ 1824 8124785 £ 3201 7537526 £ 3083
s 1.6198 £ 0.0049 1.6236 £ 0.0040 1.6148 £ 0.0023 1.6144 £ 0.0024
Sp 0.9940 £ 0.0014 0.9987 £ 0.0012 0.99457 £ 0.00066 1.00043 £ 0.00069
n 0.90 0.90 0.90 0.90

Table C.10: The correlation with A,,, of the asymmetry fit to the DT — K~7+t7T samples.

The Acp(K~K™) trigger selection is used.

Up 2011 Down 2011 Up 2012 Down 2012
ClAraw, Abkg) —0.198 —0.199 —0.204 —0.204
ClAraw, Araw] 1.00 1.00 1.00 1.00
ClAraw, Ap) 0.00 0.01 0.01 0.01
ClAraw, a] 0.00 0.01 0.01 0.01
ClAvaw, 1] —0.004 —0.004 —0.005 —0.005
ClAraw, 01] 0.02 0.02 0.02 0.02
ClAraw, a4 ] —0.019 —0.024 —0.022 —0.021
ClAraw,a—] 0.01 0.01 0.01 0.01
ClAraw, fi1] —0.000 —0.003 —0.004 —0.003
ClAraw, Nokg] 0.00 0.00 0.00 0.01
ClAraw, Nsig] —0.001 —0.002 —0.002 —0.003
ClAraw, s] 0.00 0.00 0.00 0.00
ClAraw, Sp) —0.083 —0.083 —0.087 —0.087
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Table C.11: The fit parameters of the asymmetry fit to the D* — K%zt samples.

Acp(K~K™) trigger selection is used.

The

Up 2011 Down 2011 Up 2012 Down 2012
Abig 0.0+1.8 1.8+ 1.5 0.52+0.99 0.5+1.0
Araw —0.711 £ 0.35 —0.551 £0.27 —1.016 £0.19 —0.457 £0.20
Ap 0.032 £ 0.056 0.155 £ 0.044 0.063 £ 0.031 0.147 £ 0.032
I 1869.238 £0.040  1869.164 £ 0.031  1869.111 £0.022  1869.055 £+ 0.023
o1 6.55 £ 0.12 6.935 £ 0.067 6.796 £ 0.046 6.557 & 0.066
ay X100 —0.5160 £0.059  —0.6353 £0.052  —0.5903 £0.034  —0.5811 £ 0.034
a_ x100 —0.6207 £0.060 —0.5718 £0.050 —0.4828 £0.033  —0.5459 £ 0.034
fi 0.628 £ 0.036 0.772 £ 0.020 0.729 £ 0.015 0.667 = 0.020
Nike 7511 £ 166 11181 £ 237 24078 £ 309 22751 £+ 299
Nsig 92678 + 336 152246 £ 444 299855 £ 609 281954 £ 590
s 1.627 £ 0.023 1.748 £ 0.038 1.689 £ 0.020 1.674 £ 0.015
Sp 0.9951 £ 0.0066 1.0013 £ 0.0052 0.9943 + 0.0036 1.0002 £ 0.0038
o 2.50 2.50 2.50 2.50
n 1.50 1.50 1.50 1.50

Table C.12: The correlation with A, of the asymmetry fit to the DT —

Acp(K~K™) trigger selection is used.

K971t samples. The

Up 2011 Down 2011 Up 2012 Down 2012
ClAraw, Abkg]  —0.233 —0.242 —0.239 —0.237
ClAraw, Araw] 1.00 1.00 1.00 1.00
ClAraw, Ap] 0.01 0.01 0.00 0.01
ClAraw, 1 —0.005 —0.005 —0.003 —0.005
ClAraw, 01] 0.03 0.04 0.04 0.03
ClAraw, a4 0.05 0.06 0.05 0.05
ClAraw, a—] —0.058 —0.051 —0.047 —0.050
ClAraw, fi] 0.00 0.00 0.00 0.00
Cl[Araw, Nbig]  —0.006 —0.004 —0.008 —0.002
ClAraw, Nsig] 0.00 0.00 0.00 0.00
ClAraw, ] 0.01 0.00 0.01 0.00
ClAraw, Sp) —0.143 —0.143 —0.143 —0.146
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APPENDIX D

Addendum to consistency checks

D.1 Cross-checks in the semileptonic B decay modes

The corresponding plots of the AAcp cross-checks presented in Chapter [12.5] are shown
in Figures to It should be noted that individual asymmetries are affected by
production and detection asymmetries. Especially, the raw asymmetry of muon-tagged
DY — K~rt candidates has large contributions from the momentum-dependent kaon
detection asymmetry.
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The shaded

lines indicate the result of the asymmetry fit to the total distribution. The default combination

of the data sets is done.
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Figure D.5: The raw asymmetry and AAcp is shown as function of B flight distance. The
shaded lines indicate the result of the asymmetry fit to the total distribution. The default
combination of the data sets is done.
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Figure D.6: The raw asymmetry and AAcp is shown as function of number of PVs per event.

The shaded lines indicate the result of the asymmetry fit to the total distribution. The default
combination of the data sets is done.
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Figure D.7: The raw asymmetry and AAgp is shown as function of 1/x2/ndf of the fitted B
vertex. The shaded lines indicate the result of the asymmetry fit to the total distribution. The
default combination of the data sets is done.

262



D.1. Cross-checks in the semileptonic B decay modes 263

X osf =0 E S 2 0p _
3 0-20]1¥—D0wn = 5 2.201]¥—ann E
< -0.5F T = < 1 Fi% -
-IE . e i = 0 -=;,=.=¥, efalet ot ':ii_
SE S 208 MY = =S S —— AE T e T — ;
2 -—!—fﬁf :}: 4 [ — — 2F E
25 . ) E 3 . . E
¥ osF wBU ' E S wsUp ' E
) 201277 0., 2 201277, E
< -0.5 < 1 . E
B> ETE S | e 1 T I E
e S g
o 4+ = SE T ;
2.5 - -3 ¥
§ E - - 2011 ) ) E g 1.5 - - - 2011 =
:% LHCb’—ZUIZ é § 1 -LHCbO—ZOIZ -
<0 E < 0sf o] A -
E = 4 -
. E 05 i%'%%%‘;x;wqwﬁ
E -1E 4 :
. . E -L5E I . . 3
S ! xndf =17.99 3 § 1sE B ! 2ndf =7.529 =
z P(x2,ndf) = 3.58% é z 1E LHCb 3fb P(x2.ndf) = 58.34% 2
< - E < osf E
g 0 —3_—#@{_};{” N SRR W—
3 - | = - e =
g e - §

E -IE :

. ; I T . ; Fx10°

50 100 50 100

D’ p [MeV/c] D’ p [MeV/c]

(a) D — K7+ (b) D°— K- K+

g E 2 Up E g oF *=Up E

s YE201130 0, E PO A0 S 3

< 2F { E S __ia L e N S

E —f— ] S — el ! —

== rfil. E 3'1":*‘#:"- =g =L & R%{——"*——— ——

T — b ;

af . R “4E S .

S = ) ) E IS = ) ) E

S + = Up = S E +=:Up E

z 520124—D0wn E 5 4:—20]‘2¥»—Down -

< 2F I E S oF THA 3

A—i 3 E FyA L E

ot e : R s 32 o S i e o

A ] E T =

4 3 “E E

g E - - 2011 E g E. - - 2011 3

z 2:_LHCb4—20|2 E 5 3§ LHCbo—mw 3

< = 5 2E L E

b ; TR 5 A — TR S

R e B R o

! [ E IE ] ! 3

, . = 2E , ; E

§ E LHCb 3fb" + ndf =424/9 7 § E LHCb 310 — RINTREET

s 2F P(x2,ndf) = 89.47% o « F D'SKK® P(2ndf) = 61.60% 3

£ E E s 2F e

< 1 - 3 E 3

E E 1E 5

b ]

=y =t (£ =
2F . L Jx10° 2F . i x10°

50 100 50 100
D’ p [MeV/c] D’ p [MeV/c]

(c) D°— =7t (d) AAcp
Figure D.8: The AAcp is shown as function of the D° kinematics. The shaded lines indicate

the result of the asymmetry fit to the total distribution. The default combination of the data
sets is done.
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Figure D.9: The AAcp is shown as function of the D° kinematics. The shaded lines indicate
the result of the asymmetry fit to the total distribution. The default combination of the data
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Figure D.10: The AAcp is shown as function of the D° kinematics. The shaded lines indicate

the result of the asymmetry fit to the total distribution. The default combination of the data
sets is done.
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Figure D.11: The AAcp is shown as function of the D® kinematics. The shaded lines indicate

the result of the asymmetry fit to the total distribution. The default combination of the data
sets is done.
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Figure D.12: The AAcp is shown as function of the D° kinematics. The shaded lines indicate
the result of the asymmetry fit to the total distribution. The default combination of the data
sets is done.
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Figure D.13: The AAcp is shown as function of the D® kinematics. The shaded lines indicate

the result of the asymmetry fit to the total distribution. The default combination of the data
sets is done.
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Figure D.14: The AAcp is shown as function of the D° kinematics. The shaded lines indicate

the result of the asymmetry fit to the total distribution. The default combination of the data
sets is done.
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Figure D.15: The AAcp is shown as function of the D® kinematics. The shaded lines indicate

the result of the asymmetry fit to the total distribution. The default combination of the data
sets is done.
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APPENDIX E

The sPlot technique

The sPlot technique [74] can be used to unfold the contributions of signal and background
events to the distribution of a given control variable, x. The discriminant variable, m,
is usually the invariant mass of a candidate.

The density function, f(m,z), can be written as

f(m>$) :sts(mvx)+Nbfb(m7x) ) (El)

where Ny and N}, are the yields of the signal and the background contribution, and
fs(m,x) and fi,(m, x) are normalized functions describing the signal and the background
distributions. If fs(m,z) and f,(m, z) factorize as functions of m and z, Equation
can be written as

f(mvx) :sts(m) fs($)+Nbfb(m) fb(x) ) (EQ)

where N, fs(m), Ny, and f,(m) are known. They are usually obtained from an extended
maximum-likelihood fit to the distribution f(m). The function fs(x) is the distribution
of interest. In this case, a weight function, ws(m), can be defined by

/ wy(m) f(m, ) dm = / wa(m) [Ny fu(m) fu() + Ny fio(m) fo(z)] dm
= N, fs(z) . (E.3)

This means that the signal distribution fs(z) of the control variable x can be projected
out of f(m,x) if the weight function ws(m) is known[l] Equation implies that

/ws(m) fs(m)dm =1 and /ws(m) fo(m)dm =0 . (E.4)

In principle, any function ws(m) which is orthogonal to fi,(m) but not orthogonal
to fs(m) can be used. One choice of wg(m) are the weights defined by the sideband
subtraction used in Chapter In the sPlot technique the weights, often called
sWeights, are chosen to minimise the statistical uncertainty. Therefore, the following
expression must be minimised:

/wsz(m) fs(m)dmdz . (E.5)

Tn the same way a weight function wy,(m) can be defined to extract the background contribution.
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272 E. The sPlot technique
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Figure E.1: The distribution of ws(m) as a function of the invariant mass of D° — K=K and
D° — 7~ 7T candidates. The hump of the D° — 7~ 7t distribution in the low-mass region is
due to the reflection background.

The solution of the minimisation problem is

o) — Ve hlm) + Ve foom)
: Nsfs(m) + Ny fio(m)

where Vi and Vi, are two real parameters. They are given by the matrix V;; defined by

(E.6)

N

-1 _ fi(me)fj(me)
Vi = 2 Name) + Nofu )P (51)

Using the PDF defined in Chapter without splitting positive and negative tags,
the weights ws(m) of D°— K~ K+ and D’ — 7~ 7" candidates can be obtained. The
distributions are given in Figure The sPlot technique can be generalized for the case
that the density function has more then two components. For D — 7~ 71 candidates,
the reflection background is an additional component of the PDF.
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