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Abstract

This thesis documents two studies of the neutral charm meson system using the LHCb de-
tector, and gives an overview of the numerous changes made to the LHCb software trigger
in advance of Run 2 of the LHC.

In the first analysis, amplitude models are applied to studies of the resonance structure
in D — KIK-7" and D° — KYK*7t~ decays using proton-proton collision data, cor-
responding to an integrated luminosity of 3.0fb™', collected during Run 1 of the LHC.
Relative magnitude and phase information is determined, and coherence factors and re-
lated observables are computed for both the whole phase space and a restricted region
of 100 MeV/c? around the K*(892)* resonance. Two formulations for the K7t S-wave are
used, both of which give a good description of the data. The ratio of branching fractions
B(D?— KXK*n) /B (D — KIK~7™) is measured to be 0.655 & 0.004 (stat) & 0.006 (syst)
over the full phase space and 0.370 £ 0.003 (stat) & 0.012 (syst) in the restricted region. A
search for CP violation is performed using the amplitude models and no significant effect
is found. Predictions from SU(3) flavour symmetry for K*(892)K amplitudes of different
charges are compared with the amplitude model results, and marginal agreement is found.

The second study estimates the sensitivity to D°~D° mixing and indirect CP violation pa-
rameters that can be achieved using a model-independent technique and the samples of
DY — KYK*K~ decays recorded by LHCb in Run 1 and Run 2 of the LHC. These studies
show that constraints on these parameters could be significantly improved by an analysis of
the anticipated Run 2 dataset.






In the beginning the Universe was created.
This has made a lot of people very angry and
been widely regarded as a bad move.

— Douglas Adams
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GLOSSARY

BEH Brout-Englert-Higgs [boson)].

CERN The European Organisation for Nuclear Research.
CF Cabibbo-favoured.

CKM Cabibbo-Kobayashi-Maskawa [matrix].

CP Charge-parity [symmetry].

CPT Charge-parity-time reversal [symmetry].
DCS Doubly Cabibbo-suppressed.

DOCAz Impact parameter to the LHC beam line.
ECAL Electromagnetic calorimeter.

EFF Event Filter Farm.

FOI Field of interest.

FSI Final state interactions.

GEM Gas electron multiplier [detector].

GIM Glashow-Illiopoulos-Maiani [mechanism].

HCAL Hadronic calorimeter.

HFAG Heavy Flavour Averaging Group.

HLT High Level Trigger, the LHCD| software trigger.
HLT1 The first, real-time, stage of the [HLT]

HLT2 The second, deferred, stage of the [HLT]

HPD Hybrid Photon Detector.

1P Impact parameter, distance of closest approach to a point or curve.
IT Inner Tracker.

LO Level 0 trigger, the LHCb hardware trigger.

LEP Large Electron-Positron [accelerator].

LHC Large Hadron Collider.

LHCb The Large Hadron Collider beauty experiment.
LS1 Long shutdown 1, the period separating Run 1 and Run 2 of the LHC.



MAPMT
MWPC
NLL
NP
oT
0Z1
PDF
PID
PMNS
PMT
PS

PV
QCD
RICH
RICH1
RICH2
Run 1
Run 2
Run 3
SCS
SM
SPD
ST
TIS
TOS
TT
VELO
WLCG
WLS

Multianode photomultiplier tube.

Multi-wire proportional chamber.

Negative log-likelihood.

New Physics.

Outer Tracker.

Okubo-Zweig-lizuka [rule].

Probability density function.

Particle identification.

Pontecorvo-Maki-Nakagawa-Sakata [matrix].
Photomultiplier tube.

Preshower detector.

Primary proton-proton interaction vertex.

Quantum Chromodynamics, the theory of the strong force.
Ring Imaging Cherenkov [detector].

[RICH]| detector upstream of the [LHCDH|] magnet.

[RICH] detector downstream of the LHCD| magnet.

The first run of the LHC, between March 2010 and February 2013.
The second run of the LHC, which began in March 2015.
The third run of the LHC, which is expected to begin in 2020.
Singly Cabibbo-suppressed.

Standard Model.

Scintillator pad detector.

Silicon Tracker.

Trigger Independent of Signal.

Trigger on Signal.

Tracker Turicensis.

Vertex Locator.

Worldwide LHC Computing Grid.

Wavelength-shifting [fibre].
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1. INTRODUCTION

From the charm quark in 1974 to the [Brout-Englert-Higgs (BEH )[ boson in 2012, four out of

the six modern discoveries of [Standard Model (SM)| particles were expected because of their

indirect contributions to known and precisely measured processes. A wide variety of results
have turned out to show the first hints of these particles, from the observation of neutral

kaon mixing and the non-observation of the decay] K° — u*u~ that motivated the

IHliopoulos-Maiani (GIM)| [1] mechanism and prediction of the charm quark, to the top quark

and electroweak boson measurements that provided strong constraints on the [BEH] boson
mass prior to its eventual discovery in 2012 [2,3]. The various particle discoveries have taken
rather different forms, from the very prominent JAp [4,/5] and T [6] mass peaks that signalled
the discovery of the charm and beauty quarks to the much less pronounced [BEH] boson mass
peaks, and the complex top quark discovery measurements [7,8] that relied heavily on a good
understanding of signal-like backgrounds. At the other extreme, the discovery of the T~
lepton [9] hinged on the observation of a process completely forbidden in the contemporary
mainstream theory of particle physics. Finally, the tau neutrino, v., is also an excellent
example of the discovery power of precision and indirect measurements. This neutrino was
widely believed to exist by the time it was detected directly at the turn of the millennium [10]
as a result of indirect measurements, such as the precise determination of the Z° boson

invisible decay width [11] and the single photon cross-section in ete™ collisions [12H15].

Indirect methods therefore have an excellent track record of seeing the first hints of new
particles, and are effectively sensitive to much higher energy scales than searches for on-shell

production of new particles. Flavour physics, being the study of processes involving quark

! The inclusion of charge-conjugate processes is implied, except in the definition of CP asymmetries.



2 Chapter [1l Introduction

decays and transitions, provides a plethora of opportunities to search for physics beyond
the [SM]in this way. In previous decades there have been several results from within particle

physics that constrained the properties of new particles prior to their discovery. For example

the observation of charge-parity symmetry (CP)|violation in neutral kaon mixing [16] hinted

at a third generation of quarks [17]; requiring unitarity be respected in longitudinal WHW~
scattering placed limits on the boson [18]; and indirect constraints from unitarity and
electroweak boson measurements provided significant information about the top quark prior
to its eventual discovery [19]. While modern particle physics has fewer robust constraints like
these, observations in cosmology make it clear that the [SM]is not complete, and interesting
new physics must be there to be found. For example, the Sakharov conditions for baryoge-
nesis [20] require larger violation than has been discovered in the [SM] and observations
suggest there is a large fraction of dark matter in the universe that is inconsistent with any

known [SM] particles.

Three years after the end of of the |[Large Hadron Collider (LHC), no incon-

trovertible departures from [SM] predictions have been seen, although there have been some
interesting anomalies in the angular distribution of B® — K**utu~ decays [21,22], and in the
ratios R (D) and R (D*)F [23-28]. In both cases the anomalies are around 4o in significance
when the [LHCH results are combined with those from the BaBar and Belle collaborations.
While it is possible that the step up to /s = 13TeV collision energy in will be suf-
ficient to produce new, heavy, particles on-shell — and some preliminary results from the
ATLAS [29] and CMS [30] experiments have shown some weak, but tantalising, hints of
such a particle in the yy spectrum around 750 GeV/c?* — measuring processes to which new
particles can contribute indirectly has a much greater reach in terms of probing the energy

scale at which nature deviates from the [SMlL

Studies of the charm system, such as those presented in this thesis, are motivated by the

fact that several theories of physics beyond the [SM] predict enhancements above the very

small levels of violation expected in the [31-33]. [Singly Cabibbo-suppressed (SCS)|

B(B—D™t v,)

> R(DW) R

where ¢ = (p,e).
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decays provide a promising laboratory in which to search for direct [CP| violation because of
the significant role that loop diagrams play in these processes [34]. Multi-body decays,
such as D? — KIK~nt™ and DY — KYK*7t~, have in addition the attractive feature that
interference between the various resonances that contribute to these decays may lead to [CP)]
violation in local regions of phase space, motivating a good understanding of the resonant
substructure. This thesis includes a time-integrated study of the resonant substructure of

the decays D? — KIK*7F, and a model-dependent search for direct violation.

The charm sector can also probe new physics via measurements of D%-D® mixing pa-
rameters and indirect [CP] violation in the mixing process. These mixing and [CP)] violation
parameters are not precisely constrained in the latest world averages [35], as the effects
of charm mixing are small and the full set of parameters can only be probed by complex
analyses of multi-body decays using large data samples. Such analyses may consist of full
time-dependent studies of the evolution of the phase space of the decays [36,[37], or instead
use input from quantum-correlated D® decays [38] to pursue model-independent methods us-
ing bins of the phase space [39,40]. This thesis includes a feasibility study of D® — KIKTK~
mixing measurements at [LHCD| using the present dataset, alongside projections of the pre-

cision attainable with the full dataset recorded during of the [LHC| and with the

upgraded [LHCH] detector.

The[LHC] with its unique combination of high-energy, high-luminosity and high-multiplicity
inelastic collisions, provides an environment in which the triggering and selection strategy
used to perform the measurements outlined above is more important and challenging than
ever. This is a particular challenge for the LHCD| experiment, where many important signals
are produced prolifically but do not possess clean signatures. The[LHC]|centre-of-mass energy
has increased to y/s = 13 TeV in its present operating period, leading to increased production
cross-sections for charm and beauty hadrons [41,[42] and exacerbating the challenge faced by

the trigger system.






2. THEORETICAL BACKGROUND

The |[Standard Model (SMJ) has been the basis of particle physics for more than 50 years,

and despite gradual development and several discoveries of new particles during this time its
basic structure has held firm. The main tenet of the [SM|is that, in addition to the everyday
symmetries under translation and rotation that result in conservation of momentum and
angular momentum, there are additional, more abstract, symmetries obeyed by a set of
fundamental fields in the theory. That such a simple and abstract concept can produce a

model that describes nature with such astonishing precision is truly remarkable.

This chapter begins with an overview of the [SM] its particle content and free parameters
in Sect. 2.1 and outlines its limitations in Sect. 2.2 In Sect. the various bound states
that can be formed from quarks are described, and Sect. introduces amplitude analysis
techniques that can be used to study them. These techniques are applied to the rich reso-
nance structure of D? — KIK*nT decays in Chapter @ Finally, Sect. gives the theoretical
background to neutral meson mixing in the charm system and outlines a model-independent

technique that can be used to measure the mixing parameters using D° — K%h*h~ decays

(h = K, 7). The application of this technique to the [LHCb| dataset is studied in Chapter m

2.1 Introduction to the Standard Model of Particle Physics

The consists of 17 particled!] that are assumed to be point-like and fundamental. There

are three generations of fermions, particles with half-odd-integer spinEL each of which contains

I This figure is sometimes quoted as 61, which is correct if anti-particles and particles with different values
of the strong force quantum numbers are counted separately.
2 Natural units, where h = ¢ = |e| = 1, will be used throughout this chapter.
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Table 2.1: Listing of the 17 particles in the The three columns on the left side of the matrix
show the three families of fermions, with the two quarks in the upper half and the
charged and neutral leptons below. The lower right quadrant shows the four types of
force-carrying boson, while the |E]iH| boson is shown in the upper right quadrant.

HO

e u ot |y Z°

Ve Vyp Vo|g WE

one up-type and one down-type quark, one charged lepton and a neutrino. In addition there
are several bosons, particles with integer spin, that mediate the various forces in the [SM]
and, in the case of the [BEH] boson, generate masses for the other fundamental particles.
The various particles are summarised in Table . Up-type quarks (u, ¢, t) have charge
+2/3 in units where the electron has charge —1, while down-type quarks (d, s, b) have charge
—1/3. The charged leptons (e, u~, T7) all have charge —1, while the neutrinos (Vve, vy, Vvx)
are electrically neutral. Each fermion has an anti-particle (u, d, e*, V., etc.), which has the
same mass but opposite electric charge. The W* bosons carry electrical charge 41, while

all the other bosons are neutral.

In technical terms, the[SM]is a U(1) x SU(2) x SU(3) gauge field theory. The U(1) x SU(2)

part of this generates the electroweak theory, while the SU(3) symmetry is the basis of the

strong force described by [quantum chromodynamics (QCD)| In the electroweak theory this

means the various fermion fields are assigned to SU(2) weak isospin multiplets. The left-

handed fields are assigned to doublets

, (2.1)

L L L L L L

with each right-handed component assigned to its own weak isospin singlet. This construc-
tion leads to a theory with the properties demanded by experimental results: a set of vector-
minus-axial-vector charged-current weak interactions, mediated by the W*, that act only on

left-handed fermions, a parity-conserving purely electromagnetic interaction, mediated by
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the photon v, and a neutral, weak interaction mediated by the Z° boson.

The SU(3) gauge symmetry of acts on triplets of quark fields

Ured dred Cred Sred tred bred
Ugreen dgreen Cgreen Sgreen tgreen bgreen ) (2 : 2)
Ublue dblue Chlue Shlue thlue bbiue

where the three components have different values of [QCDJs “colour” charge. There are eight
massless gauge bosons, the gluons (g), which mediate the strong force and interact only with
the quark fields and by self-interaction. The final fundamental [SM] particle is the BEH] scalar
boson, H. The masses of the other particles are generated by coupling to the field

and spontaneous symmetry breaking [43,44].

The [SM] has a total of 26 independent parameters that must be measured: masses of
the twelve fermions, eight parameters defining quark and neutrino mixing matrices, coupling
constants for the SU(3), SU(2) and U(1) parts of the theory, two parameters relating to the
[BEH]field and one angle, fgrp;, that sets the strength of [CP|violation in the strong force. The
so-called “strong @ problem” is that measurements of fgopj indicate it is very small or zero,
but the offers no explanation of why this should be the case [45]. The mixing matrices
arise because the quark and neutrino mass eigenstates are not identical to the eigenstates

that interact by the weak interaction. There are, therefore, 3 x 3 unitary matrices relating

the two sets of eigenstates. The |[Cabibbo-Kobayashi-Maskawa (CKM)| [17,46] matrix, Vo,

relates the sets of quark eigenstates

d/ Vud Vus vub d
S| = Vea Ve Vao||s] (2:3)
b’ Via Vis Vin ] \b

Here the primed states (d’, ¢, b’) are those present in the SU(2) isospin multiplets of the elec-

troweak interaction, while the states (d, s, b) on the right hand side are the mass eigenstates.
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The matrix is conventionally parameterised [47] as

0

C12C13 S12€C13 S13€
Vekm = —812C23 — C12523513€" C12C23 — S12523513€" S23C13 | » (2'4>
i5 i6
512523 — C12€23513€ —C12523 — 512€23513€ C23C13

where s;; = sin (;;) and ¢;; = cos (6;5), i.e. there are three mixing angles and the[CP}violating
KM phase [17] 6. Within the [SM] this phase is responsible for all [CP}violating effects
so far observed. Measurements of the parameters often quote the related quantityﬂ
v = arg(—V Vi, / VgV ), because it can be directly measured via tree-level processes that

are not expected to be sensitive to physics beyond the

The |[Pontecorvo-Maki-Nakagawa-Sakata (PMNS)| [48,49] matrix, Upyns, fills the equiv-

alent role for the neutrino sector, relating the flavour eigenstates v, , . that interact via the
weak interaction to the mass eigenstates v; 3. This is of limited relevance to the material

presented in this thesis, but it is worth noting that the [CKM] and [PMNS| matrices are seen to

have a rather different structure. The matrix is approximately diagonal [50], while all
elements of the [PMNS| matrix appear to be of comparable size [51], indicating that flavour

mixing in the neutrino sector is much greater:

0.82 0.55 0.15 0.974 0.225 0.004
|Upmns| =~ | 0.37 0.57 0.70 [Vexm| ~ [ 0.225 0.973 0.042 | - (2.5)
0.39 0.59 0.68 0.009 0.041 0.999

There is as yet no experimental evidence for [CP| violation in the lepton sector, although the
current best-fit value for the [CP}violating phase of the PMNS| matrix corresponds to large

violation [51].

3 Another notation, ¢3 =+, exists in the literature.
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2.2 Physics beyond the Standard Model

In spite of its continuing successes describing a wide variety of processes, there are strong

reasons to believe that the [SM]is not complete, and the modern [SM]is part of some, as yet

unknown, larger theory. Such extensions to the are referred to as|New Physics (NP)|

One of the strongest reasons to believe that exists is the large observed matter-
antimatter asymmetry in the universe, which must have been generated by some baryogenesis
process. The three Sakharov conditions for baryogenesis [20] are C' and violation, baryon
number violation and a departure from thermal equilibrium. While [CP] violation is present
in the [SM], no baryon number violation has been observed, and limits on baryon-number-
violating processes such as proton decay are very stringent. Some kind of [NP] is, therefore,
required to explain the large matter-antimatter asymmetry in the universe. This is not the
only powerful evidence for in cosmological data, which also indicate large contributions
to the mass-energy of the universe from both dark matter and dark energy. No[SM]| particles
are viable dark matter candidates, and there have been no successful attempts to reconcile
the measured dark energy with the[SM] Many proposed extensions to the include weakly
interacting massive particles (WIMPs), which could make up the dark matter required by

cosmological observations.

Aside from these experimental observations, it is also clear that the is not a complete
theory of nature because it does not include the final known force, gravity. There is also
no explanation of the so-called hierarchy problem that the electroweak scale of ~ 100 GeV
is enormously lower than the Planck scale associated with gravity of around 10*° GeV. It is,
therefore, clear that some kind of [NP| must become significant at energy scales approaching

the Planck energy and reconcile the four known forces.

There are also several more aesthetic reasons to believe that the [SM]is incomplete, and
that [NP] physics exists at energies much smaller than the Planck scale. The [SM] contains
a large number of free parameters, spanning a wide range of values (e.g. neutrino masses

< top quark mass), and offers no explanation of where they come from, or if there is any
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relationship between them. There is also no explanation of the “strong [CP| problem”, noted
above, of why [CP}violating effects in the strong force are tiny or zero. The hierarchy problem
noted above manifests itself in other ways in the for example requiring highly fine-tuned
cancellation between the bare BEH| boson mass and its quantum loop corrections, which are

each close to the Planck scale, but cancel to produce the observed mass of around 125 GeV/c?.

In addition to the long-standing cosmological and theoretical indications that [NP| must
exist, there have also been several recent experimental results within particle physics that
hint at contributions from [NP| processes. Several such results were described in Chapter [T}
In addition, there have recently been hints in nuclear physics of possible effects [52] in

nuclear transitions [53].

There are, therefore, several reasons to expect that physics beyond the [SM] exists, which
motivates the continuing investment in particle physics research, and the huge variety of

analyses that are actively being pursued.

2.3 Mesons, baryons and beyond

The coupling constant of [QCD] the theory of the strong force, is large, and runs to still larger
values at small energy scales, as shown in Fig. At very low energies the coupling reaches
unity, and the theory enters a nonperturbative regime. The strength of the strong force at
low energies is such that coloured objects — quarks and gluons — rapidly form states with
no overall colour charge, and are never observed as free particles. These colourless states
are known as hadrons, most known examples of which are qq (meson) and qqq (baryon)
states. It is not thought possible for there to be any hadronic states containing top quarks,
as top quarks decay before they have had time to form hadrons. Hadronic states containing
different numbers of quarks have recently been observed, for example the Z(4430)~ [55-57]
has been determined to be a ccdu state, and in 2015 reported [58] the first discovery
of pentaquark states with the observation of the uccud resonances P.(4380)" and P.(4450)"

in A) baryon decays.
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Figure 2.1: Running of the coupling constant, ag (QQ), at various energy scales, Q2. Figure
taken from Ref. [54].

In addition to these exotic four- and five-quark states, there is a huge range of mesons
and baryons formed from various combinations of the five lightest quarks. In the broadest

sense, flavour physics is the study of these myriad particles and their decay processes.

2.4 Amplitude analysis

Despite the many successes of the precise calculations involving the strong interaction in
the low energy, nonperturbative, regime are extremely challenging, and amplitudes involving
light mesons cannot typically be calculated precisely from first principles. Amplitude analysis
is an umbrella term that includes the study of a variety of scattering and decay processes,
but this thesis will focus only on the study of multi-body decays of particles that decay via
the weak interaction to short-lived resonances that in turn decay via the strong force. An
example is D — KIK*7tF, where the KO, K* and ©iT are the final state particles and there
are many possible intermediate states such as K** K*® and p*. Such analyses rely on a
variety of approximations and ad-hoc parameterisations to describe the data, as well as the

use of data-driven techniques to relate analyses of different processes.
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Figure 2.2: Illustration of a Dalitz plot for a three-body final state. Conservation of four-momentum
restricts events to the shaded region. M is the invariant mass of the decaying particle
and m1, ma, m3 are the final state particle masses, and m;; denote the invariant masses
of pairs of final state particles. Figure taken from Ref. [54].

The dynamics of a decay D° — ABC , where D°, A, B and C are all pseudoscalar mesons,
can be completely described by just two variables, where the conventional choice is to use a
pair of squared invariant masses. A scatter plot in these variables is referred to as a Dalitz
plot [59], and in the absence of contributions from intermediate resonances the Dalitz plot
distribution is flat. Fig. illustrates the various kinematic limits in the Dalitz plot of a
three-body final state. Decay processes with higher-multiplicity final states, or final state
particles with nonzero spin, have substantially more Lorentz-invariant degrees of freedom.
A description of the complex amplitude variation across the phase space defined by these

degrees of freedom is known as an amplitude model.

In addition to providing this information about the variation of the complex amplitude,
such models allow the contributions of various intermediate resonances to a given decay
process to be disentangled. This allows tests of important phenomenological tools such

as SU(3) flavour symmetry to be carried out, and provides a full description of the decay
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process, which can be used in, for example, [CP| violation and mixing studies.

Important goals in flavour physics include the precise determination of the[CKM]unitarity-
triangle angle +, which was introduced in Sect. 2.1 and D° D mixing parameters, which
will be discussed in Sect. 2.5 In both cases, optimal statistical power is achieved by study-
ing the dependence of the asymmetry and D-meson decay time distribution on where in
three-body phase-space the D-meson decay occurs, provided that the decay amplitude from

the intermediate resonances is sufficiently well described.

A substantial part of this thesis is dedicated to the construction of such models for the
D? — KIK*nT decays. Further theoretical background is given in the following sub-section,

while the construction of models using LHCb data will be described in Chapters [f| and [6]

2.4.1 The isobar model

The isobar model is a widely used formalism for the construction of amplitude models. It
is based on the approximation that the amplitude for a signal decay D° — ABC can be
decomposed into contributions of the form D° — (R — (AB);)C, where R is a resonance with
spin J. The corresponding 4-momenta are denoted ppo, pa, pg and pc, the reconstructed
invariant mass of the resonance is denoted mapg, and the nominal mass mg. Using the

D% — KIK*7T decays as an example, the matrix element is given by

'/\/IK(S)Kj[TEI (m%((s)m m%(n) = Z aRewRMR (m?AB: m?AC) ) (26)
R

where are’® is the complex amplitude for R and the contributions My from each interme-

diate state are given by

M (mig,mic) = BY (b, Ipol, doo) Q (mig, mic) T (mis) BY (090, dr) ., (2.7)

where BY"(p, |po|, dpo) and B%(q, qo,dgr) are the Blatt-Weisskopf centrifugal barrier factors

for the production and decay, respectively, of the resonance R [60]. The parameter p (¢) is the
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Table 2.2: Blatt-Weisskopf centrifugal barrier penetration factors, Bs(q, qo,d) [60].

J BJ(qv qud)

0 1
1 1+(qod)?
1+(qd)?
9 94-3(god)2+(god)*
9+3(qd)2+(gd)*

Table 2.3: Angular distribution factors, Q;(ppo + pc, pB —pa). These are expressed in terms of the
tensors THY = —gM" + ‘DZB# and THveB — %(T“O‘T”B + THBTVe) — %T“”T"‘ﬁ.
my

J Q;(ppo + pc, B — PA)

0 1

1 (o + &) T (P8 — 1)/ (GeV/e)?

2 (pho + ) (Pho + P Twas(Ps — P3) (P — B)/(GeV/e)*

momentum of C (A or B) in the R rest frame, and py (¢o) is the same quantity calculated using
the nominal resonance mass, mg, in place of the reconstructed mass, mag. The meson radius
parameters are typically set to values around dpo = 5.0¢/GeV and dg = 1.5¢/GeV [61}62).
Finally, Q; (m3 g, mic) is the spin factor for a resonance with spin J and T is the dynamical
function describing the resonance R. The functional forms for B;(q,qo,d) are given in
Table and those for Q; (m3g, mic) in Table for J € {0,1,2}. As the form for
)1 is antisymmetric in the indices A and B, it is necessary to define the particle ordering

convention used in any given analysis.

Resonances with spin J produce characteristic Dalitz plot distributions with J nodes.

This is illustrated in Fig. , where [Mpg (m3g, m3o)[” is shown for J = 0 (S-wave/scalar,
Fig. [2.3a), J = 1 (P-wave/vector, Fig. 2.3b)) and J = 2 (D-wave/tensor, Fig. [2.3c) ampli-

tudes. Because the sum in Eqn. [2.6)is coherent, the intermediate resonances can interfere with

one another. Fig.[2.3d|illustrates the interference term R [MRl (mig, mic) Mg, (mis, mic)}

between two resonances Ry and Rs, which is variously constructive and destructive in differ-

ent regions of the Dalitz plot.

The dynamical function T chosen depends on the resonance R in question. A relativistic

Breit-Wigner form

TR (mAB) :( 3 (28)
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Figure 2.3: Illustrations of the Dalitz plot distributions produced by resonances with different spins.
Spin J = 0,1, 2 contributions are shown, along with an example of interference between
two vector resonances. The decay process illustrated is D? — KIK~ 7", although this
is of no particular relevance. In all cases the z-units are arbitrary.

is typical, where the mass-dependent width is

I'r (mag) =T'r [B}}(q, qo, dR)]

2 Mg

(q‘i)ml : (2.9)

MAB

but alternative forms are often used to describe resonances that are very broad or close to

a kinematic threshold. The Flatté , form is a coupled-channel function often used to
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describe the ag(980) resonance that lies close to the KK threshold [36,61,65-67]

1
Ty = (2.10)

(e~ ) ~ [t + ]

where the phase-space factor is given by

PAB = mi \/(qu( — (ma + mB)2> (mf(K — (ma — mB)2>, (2.11)

With trivial modifications this functional form is also used to describe the f(980)° resonance.

The coupling constants gxx and gnr have been measured by the Crystal Barrel collaboration

and published in Ref. [65].

The Gounaris-Sakurai [68] parameterisation is used to describe p resonances [67,69-72]

1+d(my) 12
Ty = - ) S , (2.12)
(mg — mKE) + f (mKR,mg, Fp) —impl'p (Myx)

where
d(my) = 3;7;’? log <m"2 ;j%) 4 27:;0 - qu?" (2.13)
and
2
(g 13) = 1372 (i) ()] 0 (o) (o i)} 200

When this lineshape is used to describe a p resonance in the KJK* channel the parameter

myg is taken as the mean of Mo and my+, and b’ (mﬁ) = df;sz;‘z’) is calculated from
)
2q(m? 2q(m?
h(m?) = “m)kg<m+'“m>>, (2.15)
™m 2mgk

in the limit that mg = mgs = mgg. Parameters for the p resonances p(1450)* and p(1700)*
have been measured by the OBELIX collaboration and published in Ref. [73]. Additional
forms for Tk that are more specialised for use in the amplitude analysis of D? — KIK*nF

will be defined and discussed in Chapter [6]
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Figure 2.4: Feynman diagrams for the [Cabibbo-favoured| (CF)), [singly Cabibbo-suppressed| (SCS)
and [doubly Cabibbo-suppressed| (DCS)) two-body D° decays to KT¥nT, and mttn~ final

states. This illustrates that there are two types of diagram contributing to the the [SCS|
decays, but only one for each of the [CF| and [DCS] decays.
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2.5 |[CP)] violation and neutral meson mixing

There are three types of [CP] violation, which are divided into two categories: direct and
indirect. Direct [CP] violation occurs in decays when the amplitude for a process and its [CP)|
conjugate differ, e.g. Apo_s # Ago_; for some final state f. Indirect Violation is related to
neutral meson mixing: it can either occur directly in mixing, if the rate of D’ — D° mixing
differs from that of D® — DP, or in interference between mixing and decay processes. This
discussion is phrased in terms of the neutral charm system, but also applies to the neutral

kaon and B-meson systems.

[CP| violation in hadrons can only be generated in processes that involve two or more

quark-level amplitudes with different strong and weak phases. Here “strong phase” refers to a

[CPleven complex phase generated by strong or electromagnetic [final state interactions (FSI)|

and “weak phase” refers to a [CPtodd complex phase in the combination of [CKM| matrix

elements relevant to the process [31]. These criteria are satisfied in the in D%-D° mixing

and in [SCS| D-meson decays but, importantly, not in [Cabibbo-favoured (CF)| or [doubly]

|Cabibbo-suppressed (DCS)) decaysﬂ Figure illustrates this using two-body D° decays as

examples: the [CE| and [DCS| processes are driven by a single tree-level diagram, while there

4 The small impurity in the K? state means this is not quite true for decays producing K% mesons |74].
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Figure 2.5: Tllustration of various searches for direct and indirect Violation in the charm system
(coloured bands) and contours showing the current [Heavy Flavour Averaging Group|
(HFAG|) world-average fit results (white cross and rings). a% is a universal indirect
CP| violation parameter, while Aa& measures direct violation in D? = tt7t~ and
DY — KtK~ decays. Figure taken from Ref. .

are two different diagrams contributing to the [SCS| decay. The processes contributing to

D% D° mixing will be discussed below.

In the SM] [CP] violation is expected to be very small in the charm system, of order
O (1073) [311/34]. The primary reason for this is that both D°-D° mixing and D-meson
decays involve, to a good approximation, only two generations of quarks, while the third
generation is required to generate [CP}violating effects. The size of these small direct [CP}
violating effects in the [SM] depends on the final state, which motivates the large number
of searches. To date no [CP] violation has been observed in the charm sector, despite some
recent measurements reaching sub-permille precision. For example, a recent LHCb study
of the time-integrated [CPlasymmetry difference AAgp = Agp(KTK™) — Agp () in DO
decays measured [—0.10 £ 0.08 (stat) £ 0.03 (syst)] % — the most precise single measurement,
of such a quantity. Some of the most precise direct and indirect [CP] violation results in

the charm system are summarised in Fig. 2.5l The small size of [SM][CP] violation means



[2.5][CP| violation and neutral meson mixing 19

d,s,b W+
C —p > > u ¢ u
DO W= W= D° DO dgsb d,s,b DO
u -} — :17 -— c u c
d,s,b W~

)
(a) Short-distance box contributions.

K
DY DO
us
(b) Short-distance di-penguin con- (c) Nlustrative long-distance con-

tributions. tribution.

Figure 2.6: Mechanisms for generating D°-D mixing. In the long-distance case the intermediate
state K7t has been shown simply to give a concrete example — contributions such as KK
and 77t are similarly valid, as are higher-multiplicity intermediate states.

charm measurements can provide powerful constraints on possible contributions from physics

beyond the [SM] as theories of [NP| predict larger effects [7780].

The theoretical treatment of mixing in the charm system is challenging due to the signifi-
cant effect of long-distance contributions [81,82]. The short-distance box Feynman diagrams
shown in Fig. are the analogue of the dominant contributions to B-meson mixing, how-
ever they are strongly suppressed in the charm system [83]. There are several reasons for this,
chief among which is that, because the D consists of up-type quarks, the virtual quark lines
are down-type. This is important because the beauty quark is around 40 times less massive
than the top quark, and its contribution is additionally suppressed by the very small value of
the matrix element V;. The contribution from virtual down and strange quarks van-
ishes in the limit of SU(3) flavour symmetry [84], and is suppressed by a factor (m2 —m3)/m2
in the SM] Another way of stating this is that the [GIM] suppression mechanism is very ef-
fective in the charm system. The sensitivity of charm mixing parameters to SU(3) flavour
symmetry provides further motivation to test this symmetry whenever possible. Tests using

D? — KIK*7F decays will be explored in Chapter @ The di-penguin contribution shown

in Fig. is negligible in B mixing, but in the charm system it is of opposite sign and
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comparable size to the box diagrams [85], providing an additional reason that charm mixing
is dominated by long-distance contributions such as the K7t intermediate state illustrated in

Fig. Meson resonances may also contribute significantly to the long-distance effects [86].

Several techniques have been used to calculate the mixing parameters in the [SM] Inclu-
sive approaches such as heavy quark effective field theory rely on expansions in powers of
1/me, which are of limited validity due to the intermediate value of m. [87-89], while ex-
clusive methods use measurements of a wide range of D? decays to account explicitly for
possible long-distance contributions [86,90-92]. The poor agreement between these methods

is evidence that mixing in the charm system is dominated by long-distance effects.

2.5.1 Neutral meson mixing formalism

This sub-section will outline a model-independent method by which mixing and [CP] violation

can be probed in D?— K%h*h~ decays.

In the D°-DP system the mass eigenstates are defined, using the [Heavy Flavour Averaging]

|Group (HFAG)| convention (93], by |Dy) = p|D°) F q|D%), where the convention is such that

ID;) is [CP}even in the absence of violation. The decay time (¢) evolution of a meson

tagged as D at production is described by the Schrodinger equation [94]

M— T

5 , (2.16)

11—

9 [De ) ~(
I\ 0 (1))

) [D° (1))
DY (£))

where M and I' are 2 x 2 Hermitian matrices, and |charge-parity-time reversal symmetry]

(CPT)|demands that My = My = m and I'y; = 'y = I'. The off-diagonal entries give the

absorptive and dispersive mixing behaviour.

The solutions of Eqn. 2.16] are

ID° (1)) = g+ () |D°) + ;g— (t) D), (2.17)
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with the D result obtained by interchanging p <+ ¢ and D° «+ D°, and

Q
H
—~
~
N—
Il

2

my —Mmg I —T,

. tr'z
e—zmt—% ;:lons}lll () ’ z=y+ i, (2.18)

(2.19)

Here m; and I'; are, respectively, the mass and decay width of the state |D;), and I is the mean
decay width. The dispersive component, x, is largely generated by off-shell contributions,
while the absorptive component, y, is related to on-shell contributions [91]. The short-
distance diagrams shown in Fig. therefore contribute to x, while long-distance effects
contribute to both x and y. The complex parameters z and 4/p are related to the matrices

M and T defined in Eqn. by
Mg — —= = =— M, — ——= ==—. (2.20)

In the absence of@ violation in mixing M5 and I'y5 are real, so zI' = —2My,, yI' = —T'5
and 9, = 1, giving ¢ = p = 1/v2. The current world-average values for z and %, are
shown in Fig. , where several interesting features can be seen. Firstly, mixing (z # 0)
is well established. Secondly, |z| is better constrained than arg(z): this is because some
techniques, such as those using flavour-tagged D — K7™ decays, measure ze?, where the
phase 6 must be taken from external measurements with large uncertainties. There is also
a small contribution to the world-average results from semileptonic DY decays, which are
sensitive to |z|. Finally, Fig. shows that there is no evidence of violation in mixing

(4/p # 1), but the constraints are rather weak.

Focusing now on D — K%h"™h~ decays, the decay amplitude — which varies across the

Dalitz plot — is denoted by
Apo(sy,5_) = (K¢h*th™;s,,s_|D°) (2.21)

where in D decays s = mio,. and s_ = m%,, , and the definitions are reversed in the D°
S S
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Figure 2.7: Tllustrations of the current [Heavy Flavour Averaging Group| (HFAG]|) world averages
for the D” mixing parameters , y and 4/p. The annotation “CPV allowed” on the left
figure indicates that the global fit allows indirect violation in mixing, i.e. 4/p # 1.

amplitude so that, in the absence of direct [CP| violation

A(sy,5-) = Apo (s4,5-) = Apo (54, 5-) . (2.22)

The processes D — K7ttt and DY — KIK+TK™ are |Cabibbo-favoured|, so direct vi-

olation is expected to be small and it will be neglected in the following derivations and
discussion. Dividing the Dalitz plot into 2N bins, defined symmetrically about the line

5. = s_, the integrated quantities

T, = /|A(s+,s_)|2ds+ds_, (2.23)

Xi=c—18 =

1 *
\/ﬁ/zA (s4,8-)A(s,s4)dsds_, (2.24)

can be defined, where positive bins +¢ lie in the s_ > s, region. Two example binning
schemes for D — KYKTK™ decays are shown in Fig. and will be discussed further below.
The normalisation of T; is set by Y, T; = 1 and the sign of s; is chosen to match the definition
adopted in the CLEO measurement of these quantities [38]. The quantity T; represents
the fraction of flavour-specific decays that fall in bin ¢, while ¢; (s;) represents the weighted

average cosine (sine) of the difference in strong phase between the amplitude in bin ¢ and
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Figure 2.8: Binning schemes for D? — KYK+K~ decays using three or four bins for each half
of the Dalitz plot. The variable sg = m%(+K_, and sy +s5_ + 50 = m%o + mig + 2m%<i.

that in the opposite bin —i.

Combining the time evolution expression in Eqn. with the definitions in Eqns. 2.21

and [2.22] the [probability density function (PDF)| describing the decay time evolution of the

population in bin 4 for decays tagged as D° at production is

2
Apa(t)2 = [ ds.ds_ |A<S+, s () Als-5) g (0 (2.25)
2 2 2
~e T T, (1 + @m(%)) + T z (Pi)|z|2 R (f)Xith\/TZ»T_Z-) . (2.26)

Here terms of order e™'* (Ft2)3 have been neglected and the D expression is obtained by

interchanging p <» ¢. Finally, introducing the notation

+1
z (q) = zcp + Az, (2.27)
p
the per-bin [PDF|is given by
I't)?
|AL(t))? = e [TZ + (4) [Ti%(zép — A2 + T |zcp £ Azﬂ

4Tt TToR (X (2op £ A2)) | (2.28)
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where the positive (negative) sign corresponds to the D° (D?) solution. This parameterisation
in terms of zgp and Az is intended to improve the stability of fits to data with respect to
using z and ¢/p directly by reducing the variation in sensitivity to ¢/p as a function of z. The
important point here is that a decay-time-dependent analysis of D® — KYh™h~ decays is

sensitive to the full set of mixing and violation parameters, zcp and Az.

The key advantage of binning the D° — K%h*h~ decay phase space in this manner
is that the integrated variables T; and X; can be measured [96] using quantum-correlated
P(3770) — DDP decays, meaning that there is no need to perform an amplitude analysis
of the relevant Dalitz plot, and no model-dependence systematic uncertainty is incurred.
It is worth stressing that the the flavour-specific fractions 7; can be measured precisely
using flavour-tagged data and do not require P(3770) decays, but the quantum-correlated
decay data are required to measure the averaged strong-phase differences X;. The original
binning scheme proposed in Ref. [96] was rectangular, however this is does not provide
optimal sensitivity [97,98], and the measurements [38] by the CLEO collaboration of T;
and X; used binning schemes optimised using various amplitude models of the decays D° —
Kittmt~ [67,99,[100] and D? — KIKTK™ [99]. One such measurement using the method
outlined above has been performed by the LHCb collaboration [101], using the sample of
promptly-produced D° — K77t~ decays recorded in 2011, but there has been no DY —

KYKTK™ measurement using this technique.

The N' = 3 and N' = 4 binning schemes for the D — KIKTK~ mode are shown in
Fig. These were derived from the amplitude model [99] illustrated in Fig. 2.9 and
are chosen to minimise the variation across each bin of the strong-phase difference between
opposing points in the Dalitz plot, i.e. the integrand in Eqn. 2.24, An optimal binning
scheme leads to values |X;| ~ 1, while these values would be smaller in a poor binning
scheme. It should be stressed that the use of an amplitude model here does not introduce a
model-dependence — a poor amplitude model would simply result in sub-optimal statistical

sensitivity. Further studies of mixing in the charm system will be presented in Chapter
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Figure 2.9: Amplitude model used to optimise the binning schemes shown in Fig. for the
DY — KIKTK™ decay modes.

It is worth noting that an alternative, unbinned, model-dependent approach to measuring
mixing and violation in D® — K%h™h~ decays exists, and has been used by the BaBar
and Belle collaborations ,. Here, instead of integrating over bins in phase space,
the integrand in Eqn. is used directly, with an amplitude model describing A (s, s_)
inserted. This method can result in a smaller statistical uncertainty, but incurs a model-

dependence systematic uncertainty that is particularly challenging to evaluate.

Finally, it is interesting to note that the observables zcp and Az defined above are trivially

related to other observables in charm physics, notably the quantities yzp and Ar

wem = R (2cr) = 5 (’Z| + |§D cosé— 5 (‘;| - ‘SD sin ¢, (2.29)
Ar =R (Az) = % (’;| - ’ZD cos ¢ — g (‘Z‘ + ‘§|> sin ¢, (2.30)

where ¢ = arg (4/p). Ar can be obtained from the decay-time-dependent asymmetry in
decays to eigenstates such as D® — h™h~, while yzp is obtained from the ratio of effective
DY lifetimes to eigenstate (h*h™) and (K~7t™) final states.






3. THE LHC AND THE LHCb EXPERIMENT

[LHCH] the “LHC beauty” experiment, is one of four large experiments that exploit the

IHadron Collider| (LHC|) at the European Organisation for Nuclear Research (CERN)| near

Geneva, Switzerland. The first period of [LHC| collider and experiment operation, Run 1],
began in March 2010 and concluded in February 2013. The second period, [Run 2} began in
March 2015 and is ongoing. This chapter will describe the[LHC|and [LHCB], their performance

and relevant upgrades undertaken during the shutdown separating [Run 1] and [Run 2| [LS1}

3.1 The Large Hadron Collider

The [103] is a proton-proton and heavy ion collider installed in the 26.7km circum-

ference tunnel that once housed the [Large Electron-Positron (LEP)|accelerator. It consists

of 1232 superconducting dipole magnets, one array of accelerating cavities and a variety of
higher-order magnets used for focusing and corrections. There are four interaction points
where the beams can be collided, each of which hosts one of the large [LHC| experiments:
ALICE, ATLAS, CMS and LHCBH| Three additional experiments use [LHC] collisions with-
out having a dedicated interaction point: LHCf and TOTEM record particles produced at
extremely small angles to the proton beams at, respectively, the ATLAS and CMS collision
points. Finally, MoEDAL is situated near the [LHCH| collision point and is primarily de-
signed to search for magnetic monopoles. The normally provides proton-proton (pp)
collisions, but is also capable of proton-heavy ion (pA or Ap) and heavy ion-heavy ion (AA)
operation. Proton-proton collisions with a centre-of-mass energy /s = 7 TeV were provided

in 2010 and 2011, /s = 8 TeV collisions were achieved in 2012 and, after upgrades carried
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Figure 3.1: The |CERN] accelerator complex. For pp operation the injection chain is LINAC 2 —
BOOSTER - PS - SPS - Figure taken from Ref. [102].

out during Vs = 13TeV operation began in 2015. The was designed to provide

pp collisions at up to /s = 14 TeV — a milestone that may be achieved in the next few years.

The [CERN] accelerator complex is shown in Fig. [3.1], which also illustrates the breadth
of non{LHC]| physics taking place. During proton-proton operation of the [LHC| hydrogen
ions are accelerated in LINAC 2, a linear accelerator, and pass through the PSB (Proton
Synchrotron Booster), PS (Proton Synchrotron) and SPS (Super Proton Synchrotron) before

injection into the [LHC| at a beam energy of 450 GeV.

The can hold up to 2808 bunches of O (10'!) protons, with a slightly smaller number
colliding at each collision point due to details of the filling scheme. Proton bunches are

spaced at 25ns intervals, although during the majority of data were taken with a
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LHCb MC
Vs =14 TeV

0, [rad] ™2

Figure 3.2: Histogram illustrating that the bb production cross-section in /s = 14 TeV pp colli-
sions is sharply peaked in the forward and backward regions. The z axis in the figure
corresponds to thebeam line. The dark red regions (small 6; or 62) indicate where
one beauty quark is produced in the acceptance and the bright red region (small
01 and 63) corresponds to both beauty quarks flying into the spectrometer. At
least one beauty quark is produced in the acceptance in around 25 % of events
containing a bb pair. Figure taken from R

50 ns spacing. This reduction in bunch spacing, together with the increase in centre of mass

energy from 8 TeV to 13 TeV, is the most significant change in the accelerator conditions for

LHCH in

3.2 The[LHCH experiment

The [LHCH'| experiment Letter of Intent was submitted in August 1995 [105], eight months
after the project was approved [106]. The proposed design was a forward spectrometer

equipped with [Ring Imaging Cherenkov (RICH)| detectors for [particle identification (PID)|

and a silicon vertex detector. The proposed geometry exploits the forward-peaked nature of
bb production, which is shown in Fig. The new experiment would occupy the cavern

previously occupied by the DELPHI experiment during [LEP] operation.

! Then LHC-B.
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Figure 3.3: The detector. In the right-handed coordinate system the z-axis extends
along the beam direction from the [VELO] towards the muon systems. The y-axis is
vertical, the origin is near the centre of the [VELO| and the overall orientation is such
that the z-axis points towards the outside of thering. Figure taken from Ref. .

The final design, shown in Fig. [3.3], does not differ significantly from the original proposal.
The [LHC| beams cross near z = 0 on the left side of that figure, inside the silicon strip

[Locator (VELO)|l After leaving the [VELO] particles produced in the collisions traverse the
first RICH]| detector (RICH1)) and the [Tracker Turicensis (TT)| before entering the magnet.

The magnet is a warm, i.e. not superconducting, dipole with a bending power of around
4Tm in the horizontal plane. After the magnet are three tracking stations (T1-3), the
second [RICH| detector (RICH2)) and the calorimeter and muon systems. The instrumented

region is around 20 m long, from the [VELOQ] to the end of the muon system.

The [LHCDH| detector is optimised to operate efficiently at lower luminosities than ATLAS
and CMS. This is accommodated using a “luminosity levelling” technique, whereby a trans-

verse offset is introduced between the two [LHC| beams in order to adjust the instantaneous
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Figure 3.4: Tllustration from Ref. [108] of the luminosity levelling employed at [LHCb{ This shows
an unusually long [LHC] fill where, after around 15 hours, the transverse offset of the
beams reaches zero.

luminosity. The offset is tuned during each fill to maintain the desired luminosity. This is
illustrated in Fig. 3.4} By reducing the variation in collision conditions throughout each fill

the levelling technique also reduces some systematic uncertainties.

By the end of the detector operated at an instantaneous luminosity of around
4 x 1032 cm™2s7!, double the luminosity originally envisaged. This is shown in Fig. [3.5
alongside the average number of visible interactions per bunch crossing, p. The target
luminosity in is similar [109], but the value of p is lower, around 1.1, because the
reduction in bunch spacing from 50ns to 25 ns allows substantially more colliding bunches
to circulate in the [LHC| The reduction in p is desirable for much of the [LHCD| physics

programme, as it reduces systematic uncertainties due to mis-association of particles to

incorrect [primary proton-proton interaction vertices (PVs) and decreases the average event

occupancy, improving the efficiency of, in particular, the [Outer Tracker (OT)| and trigger

systems. This preference for low u values is one of the main reasons that [LHCD| operates
at lower luminosities than ATLAS and CMS. Another motivation is the need to limit the

radiation damage suffered by the[VELO] which sits extremely close to the interaction point.
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Figure 3.5: Variation in average p (top), the number of visible interactions per bunch crossing, and
peak luminosity (bottom) throughout i.e. 2010-12. Figure taken from Ref. [10§].

3.2.1 Vertex Locator

The [LHCDB| [VELQ] consists of two sets of 21 approximately semicircular silicon detector
modules around the collision point. The detector halves are retracted to around 4 cm from
the beams when the [LHC| beams are not stable, and close to around 8 mm from the beams
during data-taking. This is illustrated in Fig. [3.6] Each module contains two silicon strip
sensors: an R-sensor, which measures the radial distance from the beam, and a ¢-sensor,
which measures the azimuthal angle in the z—y plane. Charged particles must cross 3—
5 modules in order to be reconstructed in the [VELO] depending on which version of the
reconstruction is run, and the irregular layout shown in Fig. [3.6] is designed to ensure this

requirement is usually met for charged particles in the [LHCD] acceptance.

The detector modules are contained in a thin aluminium box, which separates the
~107? mbar beam pipe vacuum from the ~10~7 mbar detector vacuum and shields the[VELO

modules against electromagnetic interference from the beams [112].
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Figure 3.7: Decay time performance illustrations.
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The [VELQ] is the main contributor to the excellent vertex reconstruction,
resolution and decay time resolution achieved by [LHCb| Figure |3.7| shows the

decay time fit from an analysis of B — DK™ decays, illustrating the excellent decay time

resolution and its necessity, and also shows the resolution measured in BY — JAp ¢ decays.

3.2.2 Downstream Tracking

The tracking system consists of the [VELO| and [T'T], which are located upstream of the

magnet, and three stations immediately downstream of it. The three stations are each

divided into two parts: an inner segment made of silicon (the [Inner Tracker, I'T)) and an outer

part consisting of straw-tube drift chambers (the [Outer Tracker, OT]). The is around

150 cm high and 130 cm wide and covers the full LHCD| acceptance with silicon sensors. The

and [I'T] are collectively referred to as the [Silicon Tracker (ST)| Information from the

VELO] and [TT] is used in the first stage software trigger (HLT1]) to provide a preliminary

momentum estimate for charged particles, while information from the [T] and [OT] is only

used in the second stage software trigger (HLT2|) and offline reconstruction.

3.2.3 Silicon Tracker

The [[T] covers a cross-shaped area around 120 cm wide and 40 cm high near the LHC| beam
pipe, where particle densities are too high for the drift tube technology used in the to
be effective. This is illustrated on the right side of Fig. 3.8 Each tracking station, T1-3, is
around 4.8 m high and 5.8 m wide, so the cost of extending the[ST|to cover the full area would
be prohibitive. The [ST] detectors were optimised to achieve single-hit resolutions of around
50 um, operate efficiently at low occupancy in a moderately high radiation environment and
minimise the material budget of the detectors. The target resolution is sufficient for the
momentum resolution of the spectrometer to be dominated by multiple scattering for most
relevant particle momenta [110].  All the detector components are contained in light
tight boxes that are electrically and thermally insulated, maintained at a temperature below

5°C" and continuously flushed with nitrogen to avoid condensation.
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Figure 3.8: (left) and (right) layers. In the left figure the shading indicates the readout
sector. Figures taken from Ref. [113].

The [TT] consists of four layers similar to that shown on the left side of Fig. in
a r—u—v—x arrangement where the first and last layers have readout strips are oriented
vertically and the two intermediate layers are rotated by angles of +5°. The layers are
arranged in two pairs, which are separated by around 27 cm along the [LHC| beam axis to
aid the track reconstruction algorithms. The detector is logically split into upper and lower
halves, with each half further subdivided into rows of seven silicon sensors. The cooling and
readout infrastructure is concentrated at the end of each row, outside the LHCD acceptance,
to minimise the radiation length traversed by charged particles. Each silicon sensor is around
500 um thick, 10 cm wide, 9 cm long, and carries 512 readout strips with a pitch of 183 um.

In total the has 143 360 readout strips over an active area of around 8.4 m?.

The three [[T] stations each have a similar four-layer design, although the geometry of
the T1-3 stations does not allow the cooling and readout infrastructure to be placed outside
the spectrometer acceptance. The [['T] sensors are single-sided, 7.6 cm wide, 11 cm long and
have 384 readout strips with a pitch of 190 um. The sensors to the left and right sides of the
beam pipe are 410 um thick, while those above and below are 320 um thick. The different
thicknesses were chosen to ensure sufficiently high signal-to-noise ratios in each part of the

detector while minimising the material budget.
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Figure 3.9: Overview of the detector. The upper left figure shows the cross-section of one of
the four layers that form each [OT]station. The two staggered sub-layers are known as
monolayers. The lower right figure shows the three tracking stations, T1-3, together.
Figure taken from Ref. .

C-frame

3.2.4 Quter Tracker

The |Outer Tracker| is a drift-time detector [114] designed to provide precise tracking of

charged particles over a large active detector area. Excellent momentum resolution of
around Ap/p = 0.4% is necessary for the detector to achieve an invariant mass resolu-
tion of 10 MeV/c? in decays such as BY — D;K™, which is important if clean signals are
to be isolated in complex, high-multiplicity proton-proton collisions. This target resolution,
together with demands of a high tracking efficiency and low fraction of fake tracks, drives
the design choices of the [OT] The tracker stations, T1-3, each have an active [OT] area of
around 597 x 485 cm? and have the same four-layer x—u-—v—x geometry as the stations.
The [OT]is illustrated in Fig. [3.9] The relative dimensions of the [[T] and [OT] sections of each
station are set by the requirement that the occupancy should be less than 10 % at an

2

instantaneous luminosity of 2 x 1032 cm~2s~!. Each detector layer consists of two staggered
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arrays of straw-tubes with internal diameters of 4.9 mm. Each tube is filled with a mixture of
70 % Ar, 28.5 % CO4 and 1.5 % O2 and contains a 25 um diameter gold-plated tungsten wire.
The gas mixture was originally [110] intended to be a 70:30 mix of Ar and CO,, but a small
concentration of Oy was added to combat ageing effects [115]. The gas mixture was chosen
to ensure a drift time of below 50 ns and drift coordinate resolution of around 200 pm. In
total the [OT| has around 55 000 single straw-tube channels, and like the [T'T]is designed such
that the readout electronics, detector supports and services are located outside the [LHCD]

acceptance and do not contribute to the material budget.

Because the drift time in the [OT]is around double the minimum [LHC| bunch spacing of
25 ns, the spillover effects between bunch crossings have become more significant in

of the [LHC| than they were in collisions with 50 ns spacing.

3.2.5 RICH Detectors

Two Ring Imaging Cherenkov detectors [116], [RICH1| and [RICH2| provide discrimination

between charged pions, kaons and protons over a wide range of particle momenta. is
optimised for low and intermediate momentum tracks, providing discrimination over a range
of approximately 2-40 GeV/c and covering the full angular acceptance of the spectrometer,
25—-300 mrad. is optimised for the high momentum range of around 15-100 GeV/c¢ in
a restricted angular acceptance near the beam pipe of 15-120 mrad. Because of the strong
correlation between polar angle and particle momentum, the restricted acceptance captures a
large fraction of tracks in the momentum range where has significant discriminatory
power. The two detectors are shown in Fig. [3.10]

To minimise its overall volume, is placed as close as possible to the interaction

region, with its gas enclosure sealed directly to the exit window of the [VELO] [RICHZ] is

placed downstream of the tracking stations, T1-3, in order to minimise the material budget

within the tracking system.

Both [RICH] detectors have similar optical systems, with spherical primary focusing mir-
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Figure 3.10: Illustrations of the two [RICH| detectors and the [Hybrid Photon Detectors, Figures

taken from Ref. .

rors and additional, secondary, flat mirrors that allow the photon detectors to be positioned
outside the spectrometer acceptance and the length along the beam direction of the [RICH]

detectors to be minimised. The optical system is divided in two halves for each detector,

with split into upper and lower parts and divided into left and right halves.

The detectors use fluorocarbon gases at room temperature and pressure as Cherenkov
radiators, with C4Fo used inand CFy in Around 5 % COs has been added to
the radiator to quench scintillation. also contained blocks of Aerogel , a
solid consisting of 1-10 nm grains of amorphous SiOs linked together in a three-dimensional
structure filled by trapped air, which was intended to improve performance at low momen-
tum. While the [RICH] detectors as a whole performed very well during of the [LHC]
the Aerogel did not contribute as much as had been hoped, and it was removed before
began. This is expected to improve the performance of RICHT], by increasing the volume of
C4F10, and reduce the processing time required by the reconstruction algorithms by removing
a large number of photons produced in the Aerogel that did not provide useful information.
These radiators were chosen due to their small dispersion and appropriate refractive indices
for the target momentum ranges. The Cherenkov threshold for kaons is 15.6 GeV/c in CFy,
9.3 GeV/c in C4Fo and 2.0 GeV/c in Aerogel. Particles below these thresholds can still be
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Figure 3.11: Kaon identification efficiency and pion misidentification rate measured in /s = 7 TeV
data as a function of track momentum. Two different particle identification require-
ments have been imposed on the samples, resulting in the open and filled marker
distributions respectively. Figure taken from Ref. [116].

identified in veto mode by the absence of Cherenkov radiation.

A novel [Hybrid Photon Detector (HPD)| was developed for the [LHCb|[RICH| system.

Each [HPD| consists of a vacuum tube with a 75 mm diameter quartz window and multialkali
photocathode. Photoelectrons are accelerated onto a 32 x 32 silicon pixel array, where each
pixel is 2.5 mm x 2.5mm in size. The front-end electronics are contained within the [HPD]|
vacuum tube and bonded directly to the silicon pixel sensor, resulting in extremely low noise
of around 150 e~ for a signal of 5000 e~. The are sensitive to magnetic fields, which
influence photoelectrons and distort the resulting images. While this effect can be corrected,
magnetic shielding is positioned around the [HPD|enclosures to reduce it as much as possible.

This is a further motivation for positioning the RICH| detectors as far away from the magnet

as possible. 196 are used in [RICHI] with a further 288 in [RICH2]

The [RICH] reconstruction algorithms perform a global likelihood fit, which considers all
possible mass hypotheses for reconstructed tracks that pass through the [RICH] detectors.
In and during data-taking in 2015 six hypotheses were considered for each track:
electron, muon, pion, kaon, proton and “below Cherenkov threshold”. An illustration of
the kaon-pion separation performance in is given in Fig. [3.11] Starting in 2016 the

deuteron hypothesis will also be included, allowing several new analyses to be carried out.



40 Chapter The LHC and the LHCb experiment

Outer section :

1212 mm cells

2688 channels

60.6mm cells

1792 channels

(a) and (b) (c) illustration.

Figure 3.12: Diagrams indicating the lateral segmentation of the and [ECAL| (left) and
HCAL] (centre). One quarter of the detector front face is shown. In the left figure the
cell dimensions are given for the [ECAT] The right-most figure illustrates a module of

the HCAL| Figures taken from Ref. [110].

3.2.6 Calorimeter System

The [LHCH| calorimeter systems have two important roles: firstly, they identify and recon-
struct electrons, photons and 7° mesons. Secondly, they provide transverse energy (Er)
information that allows hadrons, electrons and photons to fire the hardware trigger, [LO]

which will be discussed further in Sect. 3.2.8.

The calorimeter system has four components: nearest the interaction point is the

[lator pad detector (SPD)| this is followed by a [preshower (PS)|detector, an |electromagnetic]

[calorimeter (ECAL)|and, finally, afhadronic calorimeter (HCAL)| The[SPD]detector provides

discrimination between electron and photon deposits in the , while the longitudinal (z)
separation provided by the [PS|helps discriminate electron and 7™ deposits. Due to the much
greater hit density in the inner region of the calorimeter, the lateral (z—y) segmentation is
not uniform; this is shown in Fig. [3.12] The system is located downstream of and
the first muon station, as illustrated in Figs. [3.3 and

The active layers of the [SPD] and [PS] detectors are very similar, comprising arrays of

scintillator pads. Scintillation light is transmitted to [multianode photomultiplier tubes|

[(MAPMTSs)| by wavelength-shifting (WLS)| and clear optical fibres. The MAPMTs| are situ-

ated above and below the detector acceptance. The [SPD|and [PS|detectors are separated by
a 1.5cm lead converter, which corresponds to around 2.5 radiation lengths. The
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Figure 3.13: Side view of the calorimeter and muon systems. Figure taken from Ref. ||

detector fits in the 18 cm gap between the first muon station and the [ECAT] and has an
active area around 6.2m wide and 7.6m high. The lateral segmentation of the [SPD] [PS|
and [ECAT] shown in Fig. [3.12] is such that there is a one-to-one projective correspondence

between cells in the three detectors.

The [ECAL|was designed to achieve an energy resolution of o5 /E = 10/4/(E/GeV) &1 %,

sufficient to achieve a B-meson mass resolution of 65 MeV/c? in the penguin decay B— K*y
with a high- Et photon, and 75 MeV/c? for B— (p7t)°?, where the 7t° mass resolution is around
8 MeV/c?. Tt consists of 66 layers, which alternate 2mm thick lead tiles and 4mm thick
scintillator tiles, separated by 120 um thick white, reflecting paper. The Moliere radius is
around 3.5 cm. The active volume of the [ECAT]is 42 cm deep, corresponding to 25 radiation
lengths, enough for almost all of the energy in electromagnetic showers to be captured, which

is necessary to attain good energy resolution. The scintillator tiles in each [ECAT] cell are

linked by fibres connected to a [photomultiplier tube (PMT)|on its back face.

Because the Er resolution requirements of the trigger (see Sect. [3.2.8)) are not very
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Figure 3.14: One quadrant of the M1 station (left). Each rectangle represents one chamber. Sub-
sequent stations are scaled projectively with their distance from the interaction point.
The right side of the figure shows the division into logical pads of chambers from each
of the four regions, R1-4. In stations M2-3 (M4-5) the number of pad columns per
chamber is double (half) that in the corresponding region of M1, while the number of
pad rows is the same. Figure taken from Ref. [118].

stringent, it is not critical to fully contain hadronic showers, and the [HCAIL] is only around
5.6 hadronic interaction lengths thick. Its lateral segmentation is coarser than the rest of the
calorimeter system, as illustrated in Fig. [3.12] Also shown is the structure of each [HCAT]
cell, which is a sandwich of iron and scintillator plates. The orientation of the plate is rotated
with respect to the [ECAT] design; the iron plates are 1 cm thick in the lateral direction and
one hadronic interaction length long in the longitudinal direction. As in the [ECAIL] the
scintillator plates in each cell are linked by [WLS| fibres and read out by a [PMT]on the back
face. The [HCAL|resolution is around og/E = (69 + 5)/\/% ®(9+2)%.

3.2.7 Muon System

The muon system is critical to many important analyses in the [LHCD| physics programme,
such as B] — pru~ and BY — (utp7)y,, (K¥K™),, and high-pr muon tracks are one of the
cleanest signatures that can fire the [LO| trigger. There are five muon stations, one placed
upstream of the calorimeter system (M1) to improve pr resolution in thetrigger, and four
downstream of it (M2-5), as shown in Fig.[3.13] The four downstream stations are interleaved

with 80 cm thick iron absorber plates to select penetrating muons. Including the calorimeter
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Figure 3.15: Tllustration of a |gas electron multiplier| (GEM)) detector as used in the central region
of the first muon station, M1. Figure taken from Ref. [110].

system, a muon must penetrate around 20 interaction lengths to reach the final muon station,
M5. The first three stations, M1-3, are finely segmented in the bending plane (z) and used
to define the track momentum and provide a 20 % estimate of pr. The final stations, M4 and
M5, have limited spatial resolution and are mainly used to identify penetrating particles.
The logical segmentation of the M1 station is illustrated in Fig. [3.14] which also shows that
information from the inner regions is read out with much finer granularity. In the inner
regions the logical channels correspond directly to physical anode strips and cathode pads,
while in the outer regions several of these are combined and the logical channels refer to a

larger area. A total of 25920 logical channels are constructed from 122 112 physical channels.

IMulti-wire proportional chambers (MWPCs)| are used everywhere except the central re-

gion of the first station, M1, where the expected particle flux is highest and a detector based
on three gas electron multiplier foils (triple is used. The MWPC| chamber wires are
vertical, 20-30 cm long and made from 30 um gold-plated tungsten. They are centred in a
S5mm gas gap filled with a 40 : 55 : 5 mix of Ar, CO, and CF4. In M2-5 there are four
gas layers, whose signals are logically combined into two, while M1 has two layers that are
logically combined into one. A triple{GEM] detector is shown in Fig. [3.15] Each detector has
an active area of 20 x 24 cm?, with the readout anode divided into 0.4 x 0.4 mm? pads. The
gas mixture used is a 45 : 15 : 40 mix of Ar, CO5 and CF4. Ionisation electrons are produced
in the drift gap and multiplied as they are accelerated through the three foils towards the

anode pads. The multiple foils allow a larger gain to be achieved while avoiding discharges.
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Muon identification relies on several different techniques. The simple method used in the
[LO| trigger is outlined in Sect. [3.2.8] with progressively more sophisticated methods used in
the software trigger [119] and offline reconstruction [120]. In the offline reconstruction both

binary (“IsMuon”) and likelihood-ratio variables are calculated. These are based on finding

hits within a [field of interest (FOI)|in enough muon stations, where the required number of

muon stations and [FOJ| size are dependent on momentum, and considering the distribution

of hits around the extrapolated track position.

Information from the [RICH] calorimeter and muon systems is combined to produce, for
each charged particle track, a likelihood value for each mass hypothesis. Differences in the
logarithms of these combined likelihoods (DLLs) are used extensively in event selections to

distinguish different types of particle.

3.2.8 Hardware Trigger (LO)

The bunch crossing frequency can, in principle, reach around 40 MHz, with a visible
inelastic collision rate of around 30 MHz in [LHCD] The hardware trigger, [L0] is responsible
for reducing this to the 1 MHz rate at which the full detector can be read out. operates
fully synchronously, with fixed latencies that depend on neither the detector occupancy nor
the bunch crossing history. It is implemented in custom-designed hardware, which produces

a decision with a maximum latency of 4 ps.

Three inputs are provided to the [LO| as shown in Fig. [3.16] The first of these, the
Pile-Up system, is primarily used to aid determination of the luminosity [121], and does not
participate in the [L0] decisions that provide the overwhelming majority of data for the [LHCH|
physics programme. It consists of two special VELO] stations, labelled as “VETO stations”
in Fig. [3.6] which have only R-sensors. Information from these stations is used to provide a

fast estimate the number of [PVg in an event.

The next input, the calorimeter system, allows [L0] to trigger on electron, photon and

hadronic signals. It also provides, by counting the hit multiplicity in the [SPD] detector, an
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Figure 3.16: Sources of input to the trigger. The numbers given on the figure indicate the
number of channels that are read out synchronously at the 40 MHz nominal [LHC|
frequency. Figure taken from Ref. [110].

estimate of the number of charged particles in each event. This is valuable because high-
multiplicity events are slow to process in the software trigger and offline reconstruction,
so explicitly biasing towards simpler events allows more complex selections to be executed.
Electron, photon and hadron candidates are formed from 2 x 2 cell clusters in the [ECAT] and
[HCAT] The hadronic trigger decision is based on the highest Er [HCAT] cluster, which also
contains the energy of the matching [ECAT] cluster. The photon trigger decision is based on
the highest Er [ECAT] cluster with matching hits in the [PS] detector but none in the [SPD]

The electron trigger decision is similar, but requires matching hits in the [SPD]

The final input to [LO| is the muon system. A fast reconstruction is performed that
searches for the two muon tracks with the highest pr in each quadrant of the muon system.
The search is restricted to muons with p greater than 0.5GeV/c and uses a straight line
extrapolation to search for hits, starting from those in the third muon station, M3. Hits

are required in all five muon stations. The trigger considers the eight muon candidates and
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imposes a threshold on either the largest transverse momentum, priargest, Or the product

DT largest X PT second largest -

In typical [LO| configurations 450 kHz of output bandwidth is allocated to the hadronic

trigger, 400 kHz to the muon triggers and the remaining 150 kHz for electrons and photons.

3.2.9 Software Trigger

The final part of the trigger system is the software trigger (High Level Trigger, HLT|), which

will be described fully in Chapter [d] This is responsible for reducing the 1 MHz output rate
of the [LO] trigger to a rate that can be sent to permanent offline storage. The [HLT] output
rate has increased substantially as additional computing resources have become available,

from around 3.5kHz in 2011 to 12.5kHz in 2015.

3.3 LHCDb analysis software

A wide range of software is necessary to perform physics analysis at [LHCD], from the software
trigger and subsequent offline selection algorithms, to physics and detector simulation. Most

of this software is based on the GAUDI |122] framework, which is also used by ATLAS.

A full Monte Carlo simulation of proton-proton collisions, their interaction with the LHCD]
detector and the detector response exists, and is widely used to estimate selection efficien-
cies, test new features in the software and optimise event selections. In the simulation, pp
collisions are generated using PYTHIA [123] with a specific configuration [124]. The

leading order production mechanisms for ¢ and b quarks are the 2— 2|QCD| processes given

in Ref. [125] and shown in Figs. [3.17a] and [3.17b, Several higher order processes, such as

those shown in Figs. |3.17¢and [3.17d], are non-negligible and included in the simulation [125].

Generated events are normally forced to include a particular signal decay of interest. Se-
lection cuts are normally applied to the generated particles at this stage to save processing
time. Typically these require that the decay products of the signal candidate are contained

in the detector acceptance, but much harsher requirements can be used in some cases.
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Figure 3.17: cc production processes implemented in PyTHIA for LHCb [125].

Decays of hadronic particles, including phenomena such as neutral meson mixing and
resonant structure in multi-body final states, are described by EVTGEN [126]. Final-state
radiation is generated using PHOTOS [127]. The GEANT4 toolkit [128] is used to describe
the interaction of generated particles with the detector and its response, as described in
Ref. [129]. Further processing converts the simulated detector response into the same data
format produced by the real detector, and emulates the trigger decisions. Finally, sim-
ulated collisions are processed using the same trigger software and offline reconstruction
algorithms as real data, with additional information about the generated particles retained

for use when the data are analysed.

Both real and simulated data are processed using the [Worldwide LHC Computing Grid|

(WLCG)| |130] and extensions specific to [LHCD| [131]. The WLCG] is used for the entire

simulation process, while real data only reaches the after the software trigger has

been executed. Subsequent processing includes a full offline event reconstruction, where
more processing time is available per event than in the software trigger, and a centralised
preselection process dubbed “stripping”. The stripping produces signal candidates using
particles found in the offline reconstruction and applies additional selection requirements to
improve signal purity. These signal candidates are saved to “stripped” files, which are then

used for physics analysis. For some signal modes, such as high branching fraction charm
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decays, only the signal candidate is saved in order to reduce file sizes, while other modes
save the entire reconstructed event. The full dataset is periodically “restripped” to allow
new selections to be added and old ones to be improved. There have been several changes
in that allow physics analyses to proceed without relying on the stripping — this will

be described further in the next chapter.



4. THE LHCb SOFTWARE TRIGGER

The[LHC]| provides beams with a unique combination of high energy and luminosity. At these
high energies, the cross-section for inelastic proton-proton collisions is large, and collisions
typically produce a large number of particles. Coupled with the high luminosity, this results
in a high inelastic collision rate and a complex and challenging environment in which to

isolate interesting signal decays, which in many cases are very rare.

When running at the limits of its design parameters, the [LHC| bunch crossing frequency
is 40 MHz. The hardware trigger, [LO] described in Chapter [3] reduces the rate of crossings

that need to be considered further to around 1 MHz, at which rate the full detector is read

out into the software trigger, which is also referred to as the [High Level Trigger| (HLT)).

The [HLT] is described at some length in this chapter both because of its importance to
the experiment as a whole and the analyses described in this thesis, but also because of

the author’s contributions, specifically to the topics described in Sects. and [1.4], and the
commissioning of the [HLT| for [Run 2|

Each collision event accepted by corresponds to around 60 K1BE| of raw data, so the
must process an input data rate of around 60 GiB/s and reduce it to a rate that is
manageable offline. The software trigger is split into two stages: the first stage, per-
forms a partial event reconstruction and selects displaced and/or high pr charged particles,
and high Et photons. The output of is fed into [HLT2] the second stage, which per-
forms a limited full event reconstruction and contains a wide range of inclusive and exclusive
selections, which will not be described in any detail here. Perhaps the most important

trigger for physics analysis as a whole is the inclusive b-hadron trigger, which selects

1 KiB and GiB denote kibibytes (1024 bytes) and gibibytes (10243 bytes). These binary prefixes are
preferred to the decimal kilo- and giga- prefixes when referring to data transmission and processing [134].
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Figure 4.1: Tllustrations of the trigger schemes used during various data-taking periods. The right-
most figure, while labelled 2015, is expected to be representative of Run 2 in its entirety.
Figures taken from Ref. [132].

displaced two-, three- or four-track vertices using a multivariate method. The performance
of this trigger in is illustrated below in Fig. .3 It is not, however, relevant for
the physics analysis presented in this thesis. Relevant examples, which are typical of those
available for other decay modes, are exclusive selections for the decays D — K%h*h'~ and,
added in 2012, an inclusive selection of D*T — D%t" decaysEL where the D° meson is partially
reconstructed from two charged particles. In all there were around 100 [HCTZ] selections in
the 2011 configuration, 200 in 2012 and around 450 during 2015 data-taking. Illustrations
of the trigger schemes used in 2011, 2012 and 2015 are shown in Fig.

The runs on the [Event Filter Farm (EFF)| a large processing farm situated at

Point 8, close to the experiment. The [EFE| for [Run 2| consists of around 1800 nodes with a

total of 27000 physical processing cores, allowing 50000 instances of the [HLT] application

to run simultaneously. Roughly half this capacity was available in

The [HLT] has evolved significantly since data-taking began in 2010; this chapter will

outline both the configuration used during 2011 and 2012, which is relevant for the physics

2 D** implies the D*(2010)* state if not otherwise stated.
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Figure 4.2: Mllustration of the various track types that are reconstructed at LHCb. The decay
products of b- and c-hadrons are typically reconstructed as long tracks. Long-lived
s-hadrons such as K2 mesons and A? baryons, which frequently exit the VELO before
decaying, may additionally be reconstructed from pairs of downstream tracks. Figure

taken from Ref. .

analyses presented in later chapters, and describe the substantial changes that have been

made for [Run 2

4.1 Overview of the LHCH software trigger in

In[Run T there were clear distinctions between the event reconstructions performed in [HLTT],
and offline, with progressively more complex and CPU-intensive algorithms applied
at each stage in order to improve efficiency and relax kinematic thresholds. The offline
processing time was around 2 seconds per event , with the executing around 50

times faster [10§].

In all three cases the first step was to reconstruct [VELO] tracks. The different types of
track reconstructed in [LHCD| are illustrated in Fig.[4.2] The offline algorithm was sufficiently

fast to be run in [HLTT] although a second iteration that included unused hits to improve

the efficiency for tracks with large impact parameters| ([Ps) to the beams was omitted

in the [HLT] In[HLTT] the resulting tracks were used to reconstruct [primary proton-proton|

linteraction vertices (PVs|). Due to the stringent timing requirements in [HLT1} it was only

possible to match a subset of [VELQ] tracks to hits in the tracking stations. This subset
consisted of tracks that were matched to muon chamber hits or had a significant [[P] with

respect to all [PVy To further limit the processing time in [HLTT] a narrow search window
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in the tracking stations was used for each [VELO] track, which imposed a p threshold of 3—
6 GeV/e. A further pr threshold of 0.5-1.25 GeV/c was applied to tracks not matched
to hits in the muon system, and tracks that were matched to tracking station hits were fitted
using a simplified Kalman filter [136]. In a degradation of around 3 % was seen in the

invariant mass resolution of JAp — pu™u~ with respect to the 15.1 MeV/c? obtained offline.

The largest single contribution to the output bandwidth was the inclusive beauty
and charm trigger. This trigger is based on the properties of one high quality track, imposing
a pr threshold of around 1.6-1.7 GeV/c and requiring that the track has a significant
with respect to any [PV] It was the most efficient trigger for physics channels that do not
contain leptons in the final state [137], and its performance is illustrated in Fig. . Several
other triggers were used in [Run I} which, for example, applied requirements based on
additional particle identification information to allow kinematic thresholds to be relaxed, or
optimised these thresholds for specific physical processes. The total output rate was

around 40kHz in 2011 [135] and 80kHz in 2012 [108].

In there was sufficient processing time to match all tracks with p > 3 GeV/c
and pr > 300 MeV/c to hits in the tracking stations. A further step is included in the offline
reconstruction: this searches in the opposite direction, extrapolating [138] track segments in
the tracking stations upstream towards the [139], but was not performed in due
to timing constraints. Muon identification was performed using the offline algorithm, and
tracks were associated with clusters to identify electrons. Photon and 7 candidates
were also constructed, using clusters identified by the [L0] calorimeter system. As shown in
Fig. [4.1] the total output rate was around 3.5kHz in 2011 and 5kHz in 2012. The
performance of selected lines is illustrated in Fig. [4.3]

Several important changes were made to the [HLT] between 2011 and 2012, as shown in
Figs. and As well as a modest increase in size of the [EFF] a “deferral” scheme
was introduced in 2012 [140}|141]. Averaged over a typical period of data collection, the

delivers stable beams around 30 % of the time, so, if the were to operate fully

synchronously with collisions, the [EFF| would sit idle for the remaining 70 %. To optimise
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Figure 4.3: Illustrations of the performance of the [HLT|in [Run 1} These show the efficiency of
the main inclusive (upper left), muon (upper right), inclusive b-
hadron (lower left) and charm hadron (lower right) triggers as a function of
signal candidate pp. These show that, for example, the inclusive selections are each
> 90 % efficient on high-pr BT — D%t candidates. Figures taken from Ref. [108].

the use of resources, around 20 % of the events accepted by the trigger were saved

to local hard drives of the [EFF|nodes in 2012. The [HLT] processed these events later, when

the [LHC| was not providing stable beams.

The deferral scheme effectively increased the CPU power of the [EFF]| and allowed more

processing time to be used for each event. Some of this extra time was used in to

reconstruct downstream tracks [142], which are defined in Fig. and allow decay modes

that produce K2 and A° hadrons to be selected substantially more efficiently.
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4.2 Overview of the [LHCH software trigger in

The [HLT] underwent significant changes during [LST] the long [LHC| shutdown separating

[Run IJand [Run 2] Instead of deferring a fraction of the [LO] trigger output, the entire output

of is saved to the [EFF] local disks in [Run 2] as illustrated in Fig. £.1d This new
mode of operation allows the detector to be aligned and calibrated [143] before [HLT?2| is

executed, enabling selections to make use of offline-quality reconstruction informa-
tion, and ensuring optimal use is made of [EFF] resources. Improvements to the computing
infrastructure permit more processing time to be allocated to each event in [HLT2] and allow
around twice as much data to be output by [HLT2] The additional processing time is used
to perform higher-quality reconstruction than the [HLT], including full reconstruc-
tion of the [RICH]| detectors and calorimeter systems, which were only used sparingly in the
due to timing constraints. The output rate is around 150 kHz,
roughly double that in 2012, while the average processing time per event accepted by [LO|

has increased by around 25 % to 50 ms.

The reconstruction performed in the is of sufficiently high quality that no
offline reconstruction is necessary for some data (the Turbo stream, Sect. [4.2.4]), and this
must only be performed once for the remaining data. In contrast, in a second offline

reprocessing was required after the detector alignment and calibration had been performed.

4.2.1 Incremental improvements

Several changes have been made to the tracking algorithms in [Run 2| which allow a more

complete reconstruction to be performed in [HLTT] [VELO)] tracks are now matched to hits in

the [TT] stations, which lie in the fringes of the spectrometer magnetic field and allow a first
estimate of track charge and momentum, with a relative uncertainty of around 20 % on the
latter. This matching also reduces the number of fake [VELO] tracks. The charge estimate
allows the search window in the downstream tracking stations to be reduced, which in turn

allows the pr threshold to be reduced to 500 MeV/c from a typical value of 1.2 GeV/c during
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Figure 4.4: Comparison of the ‘Forward” tracking algorithm used inwith the ¢
[TT}Forward” algorithm used in to find long tracks. “Forward” refers to the
matching of [VELO| or [VELOJTT] tracks to hits in the downstream tracking stations.
The algorithm shows a small loss in efficiency (left) and a substantial reduction in
the fraction of reconstructed tracks that are ghosts (right). Figure taken from Ref. [144].

[Run 1} The change in long track reconstruction efficiency and ghost rate due to the inclusion
of this [T'T] hit matching step is illustrated in Fig. [4.4l The [[P|requirements present in
are also removed, which allows so-called “lifetime unbiased” selections to be constructed.

These will be discussed later.

The [PV]reconstruction has also been altered for [Run 2] so that it is based only on [VELO]
tracks even in cases — such as the offline reconstruction — where long tracks are available. This
means the same set of[PVgis available from [HLTT]to offline, reducing systematic uncertainties
without degrading the vertex resolution. Several other changes have been made to the [HLT]
reconstruction, which will not be listed in detail. The track reconstruction performed in
is now identical to that performed offline, and of comparable quality to the offline

reconstruction used in [Run 1l
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4.2.2 Real-time alignment and calibration

The new real-time alignment and calibration of the [LHCD| detector is one of the most am-
bitious goals for and is the first time such a procedure has been attempted at a
comparable experiment. Only an overview of the process will be given here. The calibration
is performed using candidates selected by [HLTT], where special selections ensure that appro-
priate samples — which typically consist of DY and JAp mesons — are accumulated rapidly.
Alignment and calibration constants are calculated automatically using these samples and,
if significant changes are seen with respect to the previous constants, they are updated prior
to being executed. Systems that are aligned using this scheme include the [VELOJ|
tracking stations and [RICH| mirrors. Calibration of the RICH]|radiator refractive indices and

[OT] detector time-alignment is also carried out automatically.

4.2.3 Additional reconstruction and information in [HLT2

The improvements, discussed above, to the track reconstruction algorithms, and the provision
of offline-quality alignment and calibration information, are important steps towards using
a full offline-quality reconstruction in However, to truly achieve this end, additional

reconstruction algorithms are required.

The majority of physics analyses using the [LHCD| detector rely on [PID] information to
distinguish charged particles of different species. While muon identification information has
always been available throughout the trigger system, only limited calorimeter reconstruction
has been performed in the trigger, and use of information from the [RICH] detectors was only
used in isolated cases in [145]. Starting in , the full offline-quality reconstruc-
tion of the [RICH]| detectors and calorimeter system is included in the event reconstruction
performed in [HLT2] An example of the discrimination between kaons and pions that can
be achieved in using the [RICH] detectors is given in Fig. [£.5] In addition to using
additional information from the detector, the additional processing time allocated to

allows multivariate classifiers to be calculated, which combine information from multiple sub-
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Figure 4.5: Illustration of K-t separation performance in data. Figure taken from Ref. [146).
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Figure 4.6: Performance of the ghost probability multivariate classifier evaluated using K —
7ttt candidates formed using long (left) or downstream (right) tracks. Figures taken
from Ref. [147].

detectors to provide improved discriminatory power. Examples include a “ghost probability”

multivariate classifier, whose ability to discriminate real and fake charged particle tracks is

illustrated in Fig. [£.6] and “ProbNN” artificial neural networks, which combine information

from the entire detector and discriminate between different charged particle species.

4.2.4 New data streams

There have also been significant changes to the way data are saved by [HLT2 in [Run 2|

These are a direct consequence of the far-reaching improvements to the event reconstruction
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performed in [HLT2] as for many analyses there is simply no need to perform a further,
resource-intensive, offline reconstruction. To optimise the use of processing and storage

capacity, the saves collision events in several different data streams:

e Full This is similar to[Run I}, minimal information is saved from and physics
analysis depends on the offline reconstruction. It is typically used for signals that are
not fully reconstructed in [HLT2, such as b-hadron decays selected by the inclusive
trigger, or for analyses that need to [re-Jrun dedicated event reconstructions, such as

searches for very rare decays and modes with neutral particles.

e Turbo Sufficient information is saved from [HLT2 that no offline reconstruction
is required prior to physics analysis [148]. This stream is suitable for analyses that
are fully reconstructed in and do need the full reconstructed event information.
In principle the raw event information is discarded to save storage space, although in

practice this information was retained during 2015 data-taking.

e TurboCalib Information is saved from as in the Turbo stream, but the raw
event information is retained and the offline reconstruction is also performed. This

consists exclusively of calibration selections for online monitoring and measurement of

[PID] and tracking efficiencies.

Each selection is assigned to one of these three streams, depending on its purpose.
The key benefits of the new design are that events stored in the Turbo stream are around
an order of magnitude smaller than those in the Full stream, and there is no need for
offline reconstruction of events recorded in the Turbo stream. This allows [HLT2 to retain a
larger fraction of interesting events for a given set of offline computing constraints, allowing

increased signal efficiencies, and makes Turbo stream data available for analysis very quickly

after they have been processed by [HLT2

The first LHCb publications to use the Turbo stream were measurements of the charm,
JAb and beauty production cross-sections at /s = 13TeV [41,42]. Tlustrative distributions

obtained from the Turbo stream in these measurements are given in Fig. [4.7]
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Figure 4.7: Examples of distributions obtained directly from the Turbo stream and recon-
struction in the 2015 measurements of charm and beauty production cross-sections.

4.2.5 Improvements to trigger selections

The various improvements to the reconstruction discussed in the previous sections
allow event selections to be defined in the [HLT] that are less biasing in quantities of interest,

more efficient, accept fewer background events and require less processing time.

A key point is that the new information available in the introduced in Sect. [4.2.3]
particularly that from the [RICH| detectors, is almost uncorrelated with variables such as
hadron decay time and the multi-body invariant masses that are often the key observables
in physics analyses. In contrast, kinematic variables such as the smallest [[P] of a particle
to any [PV], which was a mainstay of many trigger selections, are strongly correlated
with these observables and lead to highly biasing selections. A simple example of an [[P}

requirement biasing a decay time distribution is given below in Fig. [£.9]

The “lifetime unbiased” selections, referred to in Sect. fully reconstruct two-body
decays without imposing [[P| requirements on the tracks, instead imposing a threshold on the
decay time itself and using [PID]information to enhance signal purity. The result is a dataset
where the reconstruction efficiency is, to leading order, a step function in measured decay
time, enormously simplifying the subsequent analysis. Figure [4.8| illustrates the output of

one of these trigger selections in data recorded by [LHCD|in 2015.
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Figure 4.8: Decay time distribution of D** — D%, DY — K~nt™ candidates selected by a “lifetime
unbiased” trigger selection during 2015 data-taking. The red curve shows a fit to the
data using a single exponential function, illustrating that the decay time acceptance is
a step function to a good approximation as there are no data below the cut-off. Figure
taken from Ref. [149].

Given that a large fraction of the LHCH| physics programme concerns the study of multi-
body decays of hadrons, it is worth noting that the number of combinations that must

be considered when forming signal candidates for an N-body decay from a set of n recon-

n

N). Selection requirements that act only on final state

structed particles roughly scales as (
particles, for example using [PID] or ghost probability information can, therefore, lead to
substantial savings in processing time. In[Run I when these quantities were not available,

[[P] requirements were typically used to control this combinatorial time.

Similarly to during [Run 1], the [ILTT] output rate is dominated by inclusive beauty and

charm selections, however the implementation of these has changed substantially in[Run 2} A
new inclusive selection searches for two-track combinations that form a good quality vertex,
and both the one- and two-track inclusive triggers use multivariate classifiers to improve
performance [150]. In contrast, theinclusive trigger used simple, rectangular, selection

requirements. The same multivariate techniques have been applied to the re-optimisation of

the inclusive b-hadron trigger in [HLT2| for [Run 2| [150].

In addition, significant effort has been invested in removing differences between the[HLTT]

and offline reconstructions that were present in and described in Sect. [4.1} This

removes a class of systematic uncertainties that can be complex and tedious to evaluate.
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Figure 4.9: Illustration of the swimming technique, and the acceptance functions it produces. In
this simplified example a selection that imposes thresholds on the minimum
to the D° production vertex of both child particles of a DY — hth/~
candidate is swum. At small decay times (a), the h'~ is too low and the candidate
would not be accepted. At the intermediate decay time tyi, (b), the h'~ reaches
the threshold and the candidate would be accepted. The measured decay time, tyeas
(c) lies in the accepted region, which extends to higher decay times. At some larger
decay time, tax, the acceptance function will return to zero, creating a top-hat shape.
Figure taken from Ref. [159].

4.3 The swimming technique

The so-called swimming technique is a data-driven method for calculating, as a function

of decay time, the efficiency of a set of selection requirements that are correlated to decay

time, such as the [impact parameters| ([Ps)) of final state particles with respect to

[proton-proton interaction vertices| (PVs)). It was pioneered at the NA11 spectrometer |151],

further developed by the DELPHI and CDF collaborations [152H154], adapted for use at
LHCD| |[155-157] and has been used in several [LHCb| publications |101,|{158-160].

The swimming method measures, for each signal candidate, the ranges of decay time
where the candidate would have passed the selection in question. By definition, the measured
decay time lies inside one of these ranges. This is illustrated in Fig. [4.9] In [LHCD this is
implemented for signals that are produced promptly, i.e. where the production vertex of
the long-lived signal coincides with the relevant [PV] by coherently moving the entire set
of in the direction of the signal candidate momentum, thereby simulating the effect of

alternative decay times. For each value of this displacement the selection is re-evaluated,
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and a search algorithm identifies those decay time values where the decision changes. These
values are known as turning points — an example is ¢, in Fig. [£.9b] Tt is necessary to move
the whole set of in each event to account for the possibility that, when alternative decay

times are simulated, the signal candidate could be associated with a different [PV]

When swimming the software trigger, the entire reconstruction is executed each time
the are moved. This is necessary when analysing data, because particles re-

constructed in [HLTT] and [HLT2| were not saved, and is possible because the software trigger

decisions are reproducible offline with near-perfect precision. The offline reconstruction saves
all reconstructed particles and [PV§ so selection requirements based on these particles and

vertices can be swum without executing the reconstruction each time the are moved.

The result of the swimming process is, therefore, a series of turning points, which can be
combined to produce a decay time efficiency function ¢ (¢) for each candidate. In principle
this can be inserted into a fit to the decay time distribution simply by modification of the PDF]
normalisation range used for each candidate. However, in practice, additional corrections
must be included and a more complex scheme is required. These corrections will be outlined

in Chapter [ where the swimming technique is applied to D° — KIK*K~ decays.

4.4 Particle identification in [HLT2

As has already been introduced in Sect. [4.2.3] [particle identification| (PID]) information is

an important part of [CHCE| physics analyses, and as of powerful [PTD] is available in
[HLT?2] as well as offline.

This extensive use of [PID] variables as selection criteria in [LHCD| analyses — in both
[LHC| runs — has necessitated the development of data-driven methods for measuring the
performance of such requirements. The obvious alternative, measuring performance from
simulated samples, is undesirable as the [PID] variables are known to be poorly reproduced
in the [LHCBH| Monte Carlo simulation, and for some purposes it is difficult to accumulate a

sufficiently large sample of simulated events. The data-driven methods are based on cali-
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bration samples; pure samples of charged tracks of different species that have been selected
without the use of [PID] information from the [RICH] calorimeter or muon systems. In addi-
tion to being used in physics analyses, these samples can be employed to monitor temporal

variations in performance, and to study future improvements in reconstruction algorithms.

In [Run 2] the requirements for the calibration samples have become more stringent. A
more complete discussion is given in Ref. [161], but in brief the widespread use of
variables in [HLT2], which may have small differences with respect to the same variables
calculated offline, means that the calibration samples must contain both [HLT2}calculated
and offline-calculated [PID] variables on a track-by-track basis. These differences are small,
and confined to variables based on calorimeter information, in data recorded in 2015, but
future improvements in the offline algorithms could enhance the differences in future re-

analysis of these data.

In order to satisfy the various requirements, the strategy for is to select the
calibration samples directly in and send them through a dedicated data processing
stream. This stream, dubbed TurboCalib, was introduced in Sect. and can be used
to produce calibration samples containing both [HLTZ2}calculated and offline-calculated [PID]

variables for each charged particle.

4.4.1 PID calibration datasets

The [PID] calibration datasets consist of large, pure samples of the main five charged, long-
lived particles produced in [LHCDB} kaons, pions, protons, electrons and muons. Generally
low-multiplicity decay modes with large branching fractions are chosen; an overview of the
utilised modes is given in Table [4.1] Some decays, such as the D** — Dzt DO — K—7*
decay chain, which is the primary source of kaon and pion calibration tracks, are selected
without the use of variables. Other modes, such as the JAb — putu~ decays used to
obtain muon calibration samples, rely on a “tag-and-probe” method where particle iden-

tification requirements are made on one of the two muons. In all cases the selections are

designed to ensure the [L.0] and triggers do not bias the distributions of [PID] variables
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Table 4.1: Overview of decay modes that are used to select calibration samples. Hard (soft) refers
to calibration tracks with high (low) p and pr.

Species  Soft Hard

et — JW — efe”

Ths Df 5 uru ™ J— ptu

s KY— mthm D*— D", D% — K-t
K* Df —» K"Kt D*— Dzt D' — K—n*
p A’ — prt~ A — prm, AF — pK—mtt

in the calibration samples.

The calibration samples are selected directly in [HLT2| in [Run 2| in contrast to

when the samples were selected offline. One reason for this, discussed in Sect. [£.4] is that
the use of [PID] variables in the Run-2][HLT2] is much more widespread than Another
reason is that the selection efficiency for some calibration modes can be greatly improved.
For example, due to the large production cross section it is essential to discard the majority of
A% — pt~ candidates, but this can be done in a biased manner that enhances the population
of high pr protons, which are most valuable for calibration purposes. This is illustrated
in Fig. [4.10] where the kinematic coverage is expected to match that required for
studies of b- and c-hadron decays more closely than that of [Run 1} Figure [4.11] shows
some representative examples of invariant mass distributions in the calibration samples,
illustrating that dedicated [HLTZ| selections can isolate these modes with high purity even

without [PID] selection requirements.

4.4.2 'Trigger decorrelation

Because information from the calorimeter and muon systems is included in the [LO] and
triggers, care is required to ensure that the calibration samples selected in [HLT2] are
not biased by the earlier trigger stages. An absence of bias allows the [PID] and trigger

contributions to total efficiencies to be factorised in physics analyses.

In this discussion, and in subsequent chapters of this thesis, it will be useful to introduce

the terms TS (Trigger Independent of Signal)|and [TOS (Trigger on Signal)| [135]. These are

used to categorise signal candidates according to what role they played in previous stages of
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Distributions of proton calibration track pseudorapidity, n, and momentum, p. The
upper distribution shows the coverage of the calibration samples, with the
vertical red line highlighting a boundary below which the statistics were artificially
suppressed. The lower distribution shows the sample recorded during 2015; the red
lines correspond to pr thresholds of 1.5, 3.0 and 6.0 GeV/c, where the first threshold
comes from [HCTT] and the latter two are imposed by the selections. The z-units
are arbitrary.
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ing 2015, the dashed (blue) curve shows the signal contribution and the dash-dotted
(green) curve shows the background contribution, which is purely combinatorial if not

otherwise noted.
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the trigger system, e.g. in an|HLT1|selection a signal candidate may be only and /or
with respect to[L0] while in an [HET2] selection [TTS| and [TOS] can be defined with respect to

both [LO]and [HLTT] A signal candidate is [TOS| with respect to a particular trigger selection
if the candidate alone would be sufficient to produce a positive selection decision. Similarly a
signal candidate is [TTS| with respect to a particular trigger selection if the selection decision
is not contingent on any track or deposit in the detector associated with the candidate. This
categorisation is possible at [LHCD| because each trigger stage stores the set of detector hits

that contributed to each selection decision. The [TTS| and [TOS]| status of a signal candidate

is evaluated by matching it to these sets of hits.

Precisely what selection requirements are required to avoid problematic correlations in
the [PID] calibration samples depends on the mode in question, and which [PID] variables are

to be studied. This is illustrated in the following examples:

e Muons Information from the muon detectors is used in both the [LO] and [HLTTI
triggers, so the charged track used to measure [PID] performance is required to be [TTS]
with respect to both [LOJand [HETT] In line with the definition above, this means that
the[L0]and decisions would still have been positive if the detector hits associated
with the muon track in question were removed. The primary source of muons for the
calibration samples is the decay JAb — putp™; in a typical event the two muons will
be well-separated in the muon detectors, one will be responsible for triggering [L0] and
and the other will be used for calibration purposes. The selections for electrons

are defined similarly.

e Kaons Separation of charged hadrons is wholly performed by the [RICH] detectors.
Information from the is not used in [LO| or so for some purposes it
is acceptable to use kaon tracks for calibration that are not [TT5] with respect to [L0|
and The primary source of kaons for the calibration samples is the decay chain
D*t — D7rt, DY — K~7t*; in typical events the hardware trigger, will be triggered
either by calorimeter deposits from the charged hadrons or by other particles
in the event . will typically be triggered by one, or both, of the D° decay
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products via a selection that makes use of information from the tracking detectors only.

4.5 Summary

The software trigger is a critical part of the [LHCD| detector, which has performed well for all
data-taking to date. Various changes during data-taking in[Run T} such as the deferral scheme
introduced in 2012 and described in Sect. [4.1], have demonstrated the value and flexibility of a
software-based trigger system. This flexibility is also manifested in the swimming technique
that can be used to determine decay time acceptance functions, which is critically dependent

on the ability to precisely reproduce trigger decisions during offline analysis.

Significant changes have been made to the software trigger in advance of[Run 2| with a full
event reconstruction of comparable quality to the offline reconstruction now available
in [HLT2] A key ingredient that has made this possible is a new framework for real-time
alignment and calibration, which had not previously been attempted at any comparable
experiment. This signals the beginning of a shift in paradigm towards real-time physics
analysis and away from the older model of offline alignment, calibration, reconstruction,

event selection and analysis.

One substantial addition to [HLT2 is the full reconstruction of data from the [RICH| detec-
tors, which has necessitated several changes to the framework for data-driven measurements
of particle identification performance and monitoring of detector performance. The samples
used for these measurements are now selected directly in [HLT2| which has several benefits
with respect to the offline sample selection used in [Run I New calibration modes and se-
lections have been included in order to improve the statistics and kinematic coverage of the

calibration samples.
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The two studies of D — K2h*h'~ decays (h,h’ = K, 7t) presented in this thesis use the data
sample recorded at [LHCH| during of the [LHC] and much of the candidate selection is
common to both analyses. The work that relates specifically to the D® — KYK*7nF modes has
been published in Ref. [162], while that relevant to the mixing study using D — KIKTK~
decays has not been published. It should be noted that the D° — KIK*nF amplitude
analysis is based on the full sample of pp collisions recorded during 2011 and 2012, which
corresponds to an integrated luminosity of 3fb~', while the mixing study uses only those
data recorded in 2012. This reduced sample corresponds to an integrated luminosity
of around 2fb™!, but due to improvements in the trigger system it contains a large majority,
around 90 %, of the signal candidates recorded during [Run 1} These improvements include
the addition of downstream trackﬂ reconstruction to , an increase in retention
and the addition of an inclusive D** — D™ trigger. The mixing analysis also includes
a preliminary study of data recorded during [Run 2] using a sample corresponding to an
integrated luminosity of around 280pb~' recorded in late 2015. The following sections
describe the selection strategy used for data recorded in [Run I, with the brief study of
data confined to Sect. 5.5.11

5.1 Strategy outline

+

The offline selection used in these analyses reconstructs the decay chain D** — DOr

with D® — K%h*h'~, where the charged pion 7}, from the D* decay tags the flavour of the

slow

neutral D-meson, and the K2 meson is reconstructed from a pair of either long or downstream

! The various track types were defined in Chapter 4| Fig. [4.2
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tracks. The charged pion originating in the D*t decay is referred to as ‘slow’ due to the
small @)-value of the reaction. One charged particle in the decay chain is required to pass an
inclusive single track selection in [HLTT], and the signal candidate is required to pass one of
two selections in The first of these reconstructs the decay chain D**— D7~ with
DY — h*h'*X, where X refers to any number of additional particles. The second selection
fully reconstructs the decay D° — KZh*™h'~ without flavour tagging, using either long or

downstream tracks to form K¢ candidates. During 2011 data-taking the first selection, and

the version of the second that uses downstream tracks, were not available.

Signal candidates are formed offline and required to pass a cut-based preselection as
part of the centralised processing described in Sect. Further cut-based offline selec-
tion requirements, which are specific to the analysis in question, are applied before fits to
m (KZh*th'~) and Am =m (th*h/*wgow) — m (K¢h*h'") are carried out to extract signal

and other yields of interest.

5.2 'Irigger strategy and preselection

The first stage of selection is the hardware trigger, [LO] which was described in Sect.
Candidates may pass this in one of two ways: the candidate can fire the hadronic trigger
directly or, alternatively, other particles in the event may fire , so the signal
candidate is [TIS

While the hardware trigger does lead to some variation in efficiency across the DY decay
phase space, which it is important to model correctly, none of the [L0| selection criteria are
sensitive to the D? decay time, and so this trigger does not require special treatment in

time-dependent measurements.

Only one route through is considered, the inclusive single track beauty and charm
trigger described in Sect. [£.I] This requires that at least one charged particle from the

signal candidate was reconstructed in and passes several track quality and kinematic

2 and were defined in Sect.
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thresholds, as well as having a significant [[P| to any [163]. This [IP|requirement strongly

biases the D° decay time distribution, reducing efficiency in the low decay time region.

As outlined above, two types of selection are considered for D® — KZh™h'~ candi-
dates. Unfortunately, the exclusive D® — KZh*h'~ trigger that forms K candidates using
downstream tracks suffered several issues during operation. This selection was not
present during 2011 data taking, and a numerical precision issue prevented it from record-
ing data in the early part of 2012. Additionally, a software issue imposed a more stringent
displacement requirement on the positively charged D° child particle than its negative coun-

terpart, leading to asymmetric acceptance effects.

Signal candidates are also required to satisfy several offline requirements. These differ
between the D? — KIK*nF amplitude analysis and D? — KK+ K~ mixing study, and will
be described in detail separately. In general terms, the offline selection requirements add
information from the [RICH] detectors, which was not widely used in the software trigger
during [Run 1], benefit from the improved offline alignment and calibration, and suppress

cross-feed background contributions using targeted selection requirements.

In the D — KIK*7tF analysis, information from the detectors is used to ensure
that the charged kaon is well-identified, which reduces the background contribution from the
decays D' — Kttt n” and DY — Kitptv,. In addition the K decay vertex is required
to be well-separated from the D decay vertex in order to suppress the D® — K-mttmto
background, where a 7177t~ combination is close to the K2 mass. D? candidates are required
to have decay vertices well-separated from any [PV] and to be consistent with originating
from a . This selection suppresses the semileptonic and D° — K-t~ backgrounds
to negligible levels, while a small contribution from DY — K%7t*7t~n® remains in the Am
distribution. The various selection requirements are summarised in Table If multiple

signal candidates remain in any event then one is selected at random, resulting in a loss of

around 0.7 %.

In the mixing study great care must be taken to ensure that the D meson decay time

bias induced by any selection requirements is understood. The biasing effects of the software
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Table 5.1: Offline selection requirements imposed on DY — K(S)Kj:ﬂqE signal candidates prior to the
m(KYKm) and Am fits used to extract various yields. The DLLk, requirement is not
applied to simulated data, where a data-driven weighting is applied instead. In addition,
to ensure good overlap with the calibration samples used to calculate these weights, it
is required that all five charged particles in the final state are inside the [RICH] detector
acceptance and satisfy 2 < p < 120GeV/c and 1.5 < n < 5.0. x% (X%/S) is a variable
indicating the change in x? of the given vertex fit if the particle (children of the particle)
in question were included in the fit.

1.805 < m(K'Kn)
139 <  Am

DY x% to [PV
DY x%4 to [PV
D

Kg X to
K* DLLkx

1.925 GeV/e
153 MeV/c

10 (D consistent with originating at )
100 DO decay vertex well-separated from )

(
100 (KY and DY decay vertices well-separated)
5 (

VVVAIAA

K* hypothesis favoured over 7+ hypothesis)

Table 5.2: Offline selection requirements imposed on DY — KYK*K~ signal candidates prior to
the m(KYKK) and Am fits used to extract various yields. In addition the K* and
7T:1_OW particles are required to satisfy the fiducial requirements 3 < p < 100 GeV/c and
1.5 < n < 5.0, which ensures good overlap with the [PID] calibration samples, while
the DY candidate must satisfy 30 < p < 250GeV/c and 2.0 < 1 < 4.4 to stabilise a
re-weighting procedure for simulated events.

1.81 < m(KIKK) < 1.92 GeV/c?
140 < Am < 153  MeV/c?
K* “ProbNNk” > 0.1 (K% consistent with kaon mass hypothesis)
Toiow “ProbNNpi” > 0.3 (7}, consistent with pion mass hypothesis)
<

K*, ™ “ChostProb” 0.4 (DY descendant tracks inconsistent with ghost hypothesis)

trigger and offline preselection requirements are calculated using the swimming technique
described in Sect. [£.3] It is possible to “swim” additional offline requirements, provided
these are consistent with the assumptions of the swimming technique, but in order to reduce
complexity it is preferable to avoid this and only introduce requirements that do not bias
the decay time distribution. For the mixing study only two additional requirements that
require swimming are introduced. One of these mitigates two software issues in one of the
selections, and the other suppresses the contribution from secondary D decays by
requiring that the signal candidate is consistent with originating at a [PV] These will be
discussed further in Sect. . A further loose selection is applied before the m(KKK) and
Am fits are carried out, which consists only of requirements that do not bias the decay time

distribution. This is summarised in Table 5.2
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A kinematic fit [164] is applied to the reconstructed D** decay chain to enhance the
resolution in m(K%h*h'~), Am, m(K¢h™), m(K%h'~) and m(h™h'~). The two-body invariant
masses are used to probe the resonant structure of these decays in the D® — KIK*nF
amplitude analysis, while the mixing study is binned in these variables. This fit is configured
differently for the two analyses. In the D° — KIK*nF analysis the D** decay vertex is
constrained to coincide with the closest [PV] This significantly improves the resolution in
Am for prompt decays, but distorts the distribution for secondary D decays in a decay-time-
dependent manner. This distortion cannot be accounted for by the swimming algorithm
implementation used at LHCb, and therefore the D** vertex is not constrained in the mixing
study. In all cases the K2 candidate mass is constrained to its known value [54] and a data-

driven momentum scale correction [165] is applied.

Signal yields and estimates of the various background contributions in the signal window
are determined using unbinned maximum likelihood fits to the m(K2h*h'~) and Am dis-
tributions. The three categories of interest that can be distinguished by these fits are D**
signal decays, mistagged background where a correctly reconstructed D° meson is combined
with a charged pion that incorrectly tags the D° flavour, and a combinatorial background
category. The fit details differ between the amplitude analysis and mixing study, and these
are discussed separately in Sects. [5.3] and [5.5]

5.3 DY— K)K*rT amplitude analysis yield extraction

In the amplitude analysis of D? — KK*nF decays the various contributions in the signal
window are extracted using a series of maximum likelihood fits. The signal window is
defined as the region less than 18 MeV/c* (0.8 MeV/c?) from the peak value of m(KYKm)
(Am), corresponding to approximately three standard deviations of each signal distribution.
The sidebands of the m(KYKm) distribution are defined as those parts of the fit range where
m(KJYK) is more than 30 MeV/c? from the peak value. The distribution of signal candidates
in m(K2K7t) and Am is shown in Fig. [5.1} where the contribution from D® mesons associated

with a random slow pion to form a fake D** candidate is clearly visible as a horizontal
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Figure 5.1: Distributions in m(KJKm) and Am of the signal candidates selected in the amplitude
analysis of D? — KIK*nF decays. The signal region is indicated by the solid curve.
The dashed lines indicate the sideband regions of m(KJKr). The z-units are arbitrary.

band. The m(K2Kn) and Am distributions are fitted to determine the D° and D** yields,
respectively, in the two-dimensional signal region [166]. In each case the fit is performed
using data in the signal region of the other variable. The D** (D?) signal shape in the Am
(m(K9Km)) distribution is modelled using a Johnson Sy [167] (Cruijff [168]) function. In

the m(KJKn) distribution the combinatorial background is modelled with an exponential

function, while in Am a power law function is used,

Am —my, Am—mW)P

f(Am;mﬂapa P7 b) = ( )p - bp_P( ) (51>

My My

with the parameters p, P and b determined by a fit in the m(KKmn) sidebands. The small
D? — Kinttmn” contribution in the Am distribution is described by a Gaussian function
and absorbed into the combinatorial background yield. The fit component corresponding to
D° mesons associated with a random slow pion is the sum of an exponential function and a
linear term. These fits are shown in Fig. The results of the fits are used to determine

the yields of interest in the two-dimensional signal region. These yields are given in Table 5.3

for both decay modes, together with the fractions of backgrounds.



D% — KgKiTt:F amplitude analysis yield extraction

75

Table 5.3: Signal yields and estimated background rates in the two-dimensional signal region. The

larger mistag rate in the D — KIK*7~ mode is due to the different branching fractions
for the two modes. Only statistical uncertainties are quoted.
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Figure 5.2: Mass (left) and Am (right) distributions for the D° — KIK~nt (top) and D° —
KYK*7t~ (bottom) samples with fit results superimposed. The long-dashed (blue) curve
represents the D** signal, the dash-dotted (green) curve represents the contribution of

real DY mesons combined with incorrect 71':1_0W and the dotted (red) curve represents the

combined combinatorial and D? — K97t~ n® background contribution. The vertical
solid lines show the signal region boundaries, and the vertical dotted lines show the
sideband region boundaries. The residual distributions (not shown) indicate a good

quality of fit, including in the peak.
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Figure 5.3: Dalitz plots of the D — KIK~7* (left) and D? — K{K* 7~ (right) candidates in the
two-dimensional signal region.

A second kinematic fit that also constrains the D° mass to its known value is performed
and used for all subsequent parts of the amplitude analysis of DY — KYK*nF decays. This
fit further improves the resolution in the two-body invariant mass variables and forces all
candidates to lie within the kinematically allowed region of the Dalitz plot. The Dalitz plots
for data in the two-dimensional signal region are shown in Fig. |5.3] where the abbreviated
notation mig = m? (Ki*), m¥, = m? (K*nT) has been adopted. Both decays are dom-
inated by a K*(892)* structure. The K*(892)° is also visible as a destructively interfering
contribution in the DY — KYK~7t™ mode and the low—mf(g7I region of the D° — KOK* 7~
mode, while a clear excess is seen in the high—mf{g7T region. Finally, a veto is applied to

candidates close to the kinematic boundaries; this is detailed in Sect. [5.4]

54 D°— KYK*r¥ reconstruction efficiency

The trigger strategy described in Sect. 5.2 and to a lesser extent the offline selection, in-

cludes requirements on variables such as the [[P]and pr of the various charged particles that

are correlated with the two-body invariant masses mZ, and mg,. There is, therefore, a
S
significant variation in reconstruction efficiency as a function of mg, and mg,. This effi-
S

ciency variation is modelled using simulated events generated with a uniform distribution in
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Figure 5.4: Efficiency function used in the isobar model fits, corresponding to the average effi-

ciency over the full dataset. The coordinates mf@7T and miOK are used to highlight the
S S

approximate symmetry of the efficiency function. The z-units are arbitrary.
these variables and propagated through the full LHCD| detector simulation, trigger emula-
tion and offline selection. Weights are applied to the simulated events to ensure that various
subsamples are present in the correct proportions. These weights correct for known discrep-
ancies between the simulation and real data in the relative reconstruction efficiency for long
and downstream tracks, and take into account the ratios of /s = 7TeV to /s = 8TeV
and DY — KYK~7nt*t to DY — KYKT7t~ simulated events to improve the description of the
data. The efficiencies of offline selection requirements based on information from the [RICH]
detectors are calculated using a data-driven method based on calibration samples of
D*F — DO . decays, where D?— K~7t" — these are the counterparts of the calibra-

tion samples described in Sect. [£.4] These efficiencies are included as additional weights. A

non-parametric kernel estimator [169] is used to produce a smooth function 5(m%<g > Migr)

describing the efficiency variation in the isobar model fits. The average model corresponding
to the full dataset recorded in 2011 and 2012, which is used unless otherwise noted, is shown
in Fig. [5.4, Candidates very near to the boundary of the allowed kinematic region of the
Dalitz plot are excluded, as the kinematics in this region lead to variations in efficiency that
are difficult to model. It is required that max(|cos(kor)|, | cos(6xx)l, | cos(fxko)|) < 0.98,
where 0,p is the angle between the A and B momenta in the AC rest frame. This criterion
removes 5 % of the candidates. The simulated events are also used to verify that the reso-

lution in mf{g _and mg, is around 0.004 GeV¥/¢?, corresponding to O(2MeV/c?) resolution
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L

140 14

in m(KY7tt). Although this is not explicitly accounted for in the isobar model fits, it has a
small effect which is measurable only on the parameters of the K*(892)* resonance and is

accounted for in the systematic uncertainties.

55 D°— KYK*K~ mixing study yield extraction

Signal yields are determined using a two-dimensional maximum likelihood fit to the m(K2KK)
and Am distributions. These distributions are shown in Fig. [5.5] The signal distribution in
m(KYKK) is described by the sum of a Crystal Ball function and two Gaussian func-
tions, where the three functions have the same peak position but different width and tail
parameters. The combinatorial shape in m(K2KK) is described by an exponential function.
In Am the signal distribution is described with the sum of a Johnson Sy function and a
Gaussian function with the same peak position. The combinatorial background distribution
is described by the power law function defined in Eqn. 5.1} Finally, the Am distribution of
signal candidates formed from a D® meson and an incorrect 7 is modelled by the sum of

slow

a constant and exponential term.
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Table 5.4: Signal yields and estimated background rates in the two-dimensional signal region for

each Dalitz plot bin in the dataset. Only statistical uncertainties are quoted.

Bin Signal yield

Incorrect 7wt

background [%)]

Combinatorial

background [%]

-2 213194£199 7.16£0.27 2.30£0.05
—1 254224224 6.64+0.25 5.00 £ 0.06
+1 33965 +264 5.30+0.22 3.98+£0.05
+2  28659+234 5.63+0.23 1.88£0.04
-3 2460 £58 8.8+0.6 14.04 £0.28
—2 20940£192 6.87£0.26 1.082+£0.033
—1 233824209 6.66+0.25 4.86 £0.06
+1 30757+£243 5.36+0.22 3.90£0.05
+2  25095+£213 6.05+0.24 0.927£0.028
+3  6822x93 3.95+0.31 6.43+0.12
—4 1040£38 13.6£1.0 21.2+£0.5
-3 16297+145 7.09£0.21 1.524+0.04
-2 7923+£97 H587+0.27 2.55+£0.08
—1 21554£172 6.46=£0.19 4.78 £0.06
+1 28258 £197 5.294+0.17 3.83+0.05
+2 781597 6.284+0.28 2.74£0.08
+3  204424+163 6.01+0.19 1.34£0.04
+4  6186+84 2.83+0.26 5.26 £0.12

A rectangular signal window of £19MeV/c? in m(KJKK) and +2.62MeV/c? in Am is

defined, where the dimensions correspond to three standard deviations of the signal distri-

butions. The yields and background estimates in the two-dimensional signal region are given

in Table The fit results are illustrated in Figs. and [5.7, where in each case the dis-

tributions are integrated over the signal region of the other variable. Note that, as discussed

in Sect. , the kinematic fit used in this study does not constrain the D** decay vertex to

coincide with the [PV] which is responsible for the clear difference in Am resolution between

the D° — KIK*nT (Fig. and D° — KIK*K~ distributions (Fig. [5.7). For brevity, only

the m(KYKK) and Am distributions corresponding to the A" = 3 binning scheme introduced

in Sect. are shown in this chapter. Numerical results for the A" = 2 and N = 4 schemes

are included in Table but the corresponding figures are consigned to Appendix [E]
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background contribution. The vertical dotted lines indicate the signal window. The
residual distributions (not shown) indicate a good quality of fit, including in the peak.
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residual distributions (not shown) indicate a good quality of fit, including in the peak.
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5.5.1 D°— KKK~ yield estimates

The data collected in 2015, the first year of have been processed in support of the
mixing studies presented in Chapter[7] The 2015 dataset, which corresponds to an integrated
luminosity of around 280 pb™!, is used to estimate the total signal yield that will be recorded
during Estimates of the corresponding sensitivity to the charm mixing parameters

are deferred to Chapter [7]

As in [Run 1 the [Run 2{[HLT2| contains both exclusive selections for the D* — KKK~

+

decay mode and an inclusive D** — D7

trigger. However, because the exclusive triggers
operated efficiently from the start of data-taking, the inclusive trigger contributes negligible
additional signal and is not considered further. As before, K¢ candidates are reconstructed
both from pairs of long tracks and pairs of downstream tracks. In contrast to
the exclusive selections reconstruct the full, flavour-tagged, D** — D7} |
DY — KIKTK~ decay chain. There are two sets of exclusive selections. The first of these
are “lifetime biased”, contain [[P] thresholds and require that signal candidates also passed
the one- and/or two-track inclusive beauty and charm selections (i.e. [TOS| as defined
previously). The second set are “lifetime unbiased”, as outlined in Sect. . These require
that the decision was independent of the signal candidate (i.e. , which is necessary

because D — K%h*h'~ candidates are not, at present, fully reconstructed in [HLT1]

No significant offline selection requirements are imposed on the 2015 dataset, with the
only additions to the [HLT] selections coming from the loose, centralised preselection de-
scribed in Sect. The two-dimensional used to fit m(KJKK) and Am are similar to
those used to fit the DY — KIKTK~ dataset. The only change is that the Crystal Ball
contribution is removed from the m(KYKK) signal , leaving two Gaussian functions. The
two-dimensional fit results are summarised in Table [5.5] and those for the N’ = 3 binning
scheme are illustrated in Figs. and As above, the corresponding distributions for the
N =2 and N = 4 binning schemes are given in Appendix [E] The fit results are quoted both
for the full dataset and for the “lifetime unbiased” subset, illustrating that this subset is

significantly smaller and has somewhat worse signal purity. In the 2015 dataset around 15 %
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Table 5.5: Signal yields and estimated background rates in the two-dimensional signal region for
" heading denotes results from
selections, while “Unbiased” refers

each Dalitz plot bin in the
the combination of all exclusive

2l dataset. The “Exclusive’
0.+
D*t—= D T olow

to the “lifetime unbiased” selections alone. Only statistical uncertainties are quoted.

Signal yield

Incorrect 7t

slow

background [%]

Combinatorial
background [%]

Bin  Exclusive Unbiased Exclusive  Unbiased  Exclusive Unbiased

—2 29100£230 113004400 7.95+0.24 86+1.2 9.43+£0.07 16.284+0.15
—1 330604260 125004400 7.294+0.22 75+1.1 18494+0.09 30.39+0.18
+1 43120300 158004500 5.50+0.21 5641.0 15.50+0.07 26.7140.15
+2 38050270 14500+500 6.16+0.22 6.8+1.2 7.944+0.06 13.90+0.13
-3 2790480 880 + 40 8.0+0.7 6.6%£0.9 45.5+0.4 64.14+0.7

—2 293004500 115704210 7.7+£06 89+0.7 4.514+0.05 &8.384+0.12
—1 305004500 115504220 7.14+£05 74+0.6 18364+0.09 30.24+0.19
+1 39400 +500 14490+250 54+0.5 55+0.6 15.46+0.08 26.544+0.16
+2 34200500 13560+240 6.6+0.6 7.540.7 4.13+0.05 7.65+0.11
+3 8000 £120 232070 32404 3.1+£0.7 25594020 44.6+0.5

—4 1120 £ 50 3504+27 121+£09 75+£1.0 53.0£0.5 72.24+0.7

—3 215104+170 86504200 9.90+0.21 9.1£0.9 6.384+0.07 11.894+0.13
—2 107004120 4340+£100 8.32+0.28 7.0£0.8 10.29+£0.12 19.544+0.22
—1 270304200 105604240 9.0840.20 7.7+£0.7 16.944+0.09 29.32+£0.16
+1 348804220 131204230 7.24+£0.17 56+£0.6 14.264+0.08 25.854+0.14
+2 102804+110 42504100 8.62+0.29 69+0.9 11.144+0.13 20.44+0.22
+3 26880+190 10870+210 8.33+0.18 7.240.8 5.594+0.06 10.394+0.11
+4 6900 £+ 90 204050 5.01+0.34 32+06 19.30+£0.19 36.9+04

of candidates are selected by both the “lifetime unbiased” and decay-time-biasing selections.

In general the signal yields in the 2015 dataset are similar to those in [Run I} despite
the much smaller integrated luminosity, due to a combination of improved trigger efficiency
and increased production cross-section [41]. The combinatorial background levels quoted in
Table are somewhat higher in the 2015 dataset than in (Table [p.4), but it should
be noted that the offline selection requirements applied to the 2015 dataset are much looser.
The various selections will be optimised during[Run 2} and in any case offline selections
can be applied, so this difference in background level is substantially artificial. The exception

to this may be the “lifetime unbiased” selections, where the exclusion of decay-time-biasing

selection requirements necessarily results in some degradation in performance.
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Figure 5.8: m(KJKK) and Am distributions for the DY — KYK*K~ samples recorded in

2015. Fit results are superimposed. The A/ = 3 binning scheme results are shown.
The long-dashed (blue) curve represents the D** signal, the dash-dotted (green) curve

represents the contribution of real D° mesons combined with incorrect ﬂ-:l_ow and the

dotted (red) curve represents the combinatorial background contribution. The vertical
dotted lines indicate the signal window. The residual distributions (not shown) indicate

a good quality of fit, including in the peak.
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Figure 5.9: m(KJKK) and Am distributions for the “lifetime unbiased” DO — KYKTK~ sam-
ples recorded in 2015 Fit results are superimposed. The ' = 3 binning scheme results
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(green) curve represents the contribution of real D mesons combined with incorrect
7Tlerow and the dotted (red) curve represents the combinatorial background contribution.

The vertical dotted lines indicate the signal window. The residual distributions (not
shown) indicate a good quality of fit, including in the peak.
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is expected to record an integrated luminosity of around 5fb~! by the end of
in 2018 [171]. Tt is challenging to accurately predict what D — KIKTK™ signal yield this
will correspond to for three main reasons. Firstly, the hardware trigger thresholds are
regularly updated according to the [LHC| beam intensity. These thresholds were relatively

loose during 2015 data-taking, but will be tightened later in [Run 2| as [LHC| commissioning

proceeds, decreasing signal efficiencies. Secondly, the software trigger is regularly
improved and re-tuned, so it is reasonable to expect some performance improvement. Finally,
while the signal yields quoted in Table[5.5|are background-subtracted, it is unlikely that a full
mixing analysis would proceed without applying further selection requirements to improve
the signal purity, which will incur some signal inefficiency. It will be assumed that these
effects cancel one another for the projections included in this thesis, and the yields obtained

in 2015 simply extrapolated by a factor 5~ /280pb~! & 18 to obtain the full yields.

Tables and illustrate that the overall trigger efficiency has increased substantially
for the D® — KYK*K~ modes in [Run 2| with this simple extrapolation indicating that the
yield recorded during the full will be around 20 times larger than the full
dataset, despite gaining a factor of just ~2/3 in integrated luminosity, and ~ 2 in cross-
section. The upgraded [LHCDH| detector is expected to record a total integrated luminosity of
around 50 fb~! in and beyond, which is around an order of magnitude more than the

|[Run 1) and [Run 2| expectation. In addition, upgrades to the trigger and online system should

increase hadronic signal yields by a further order of magnitude [172]. A significant fraction
of this expected gain is due to the removal of the hardware trigger, with the full inelastic
collision rate of 30 MHz processed by the software trigger. The expected signal yield with

the full dataset to be recorded by the upgraded [LHCDH| detector is, therefore, around two

orders of magnitude larger than the combined [Run 1f and [Run 2| sample.




6. AMPLITUDE ANALYSIS OF D' — KIK*nT DECAYS

A large variety of physics can be accessed by studying the decays D° — KIK~nt™ and
DY — KYK*7~. Analysis of the relative amplitudes of intermediate resonances contributing
to these decays can help in understanding the behaviour of the strong interaction at low
energies. These modes are also of interest for improving knowledge of the [CKM| matrix,

and |CP| violation measurements and mixing studies in the D*-D? system. Both modes are

singly Cabibbo-suppressed| (SCS)), with the K!K~7t™ final state favoured by approximately

x 1.7 with respect to its KIKT7t~ counterpart [54]. The main classes of Feynman diagrams,

and the sub-decays to which they contribute, are shown in Fig. [6.I] The process shown in

Fig. is expected to be suppressed due to the [Okubo-Zweig-lizuka (OZI)|rule [173-175],

as the initial and final states are connected only by internal gluon lines.

Flavour symmetries are an important phenomenological tool in the study of hadronic
decays, and the presence of both charged and neutral K* resonances in each D° — KIK*nF
mode allows several tests of SU(3) flavour symmetry to be carried out [176,|177]. The
KYK*7F final states also provide opportunities to study the incompletely understood K7t S-wave
systems [178], and to probe several resonances in the KK+ decay channels that are poorly

established.

An important goal of flavour physics is to make a precise determination of the [CKM]
unitarity-triangle angle v = arg(—V, 4V, /VqVer). Information on this parameter can be
obtained by studying violating observables in the decays B~ — DK~ where the D°
and D° are reconstructed in a set of common final states [179,]180], such as the modes
DY — KYK~7t™ and D? — KYK*7~ [181]. Optimum statistical power is achieved by studying

the dependence of the [CP]asymmetry on where in three-body phase space the D-meson decay
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(c) Penguin diagrams. (d) suppressed diagrams.

Figure 6.1: SCS classes of diagrams contributing to the decays D° — KgKinjF. The colour-favoured
(tree) diagrams |(a)| contribute to the KS?}Q — K97t and (ag.2, p)* — KIK* channels,
while the colour-suppressed exchange diagrams contribute to the (a072, p)T — KgKi,
Ki% o — Kfm and K;?L? — K~ m™ channels. Second-order loop (penguin) diagrams
(c)| contribute to the (ag,,p)* — KIK* and Kgim — K97t channels, and, finally,
[OZIlsuppressed penguin annihilation diagrams contribute to all decay channels.

occurs, provided that the decay amplitude from the intermediate resonances is sufficiently
well described. Alternatively, an inclusive analysis may be pursued, as in Ref. [182], with a
‘coherence factor’ [183] parameterising the net effect of these resonances. The coherence fac-
tor of these decays has been measured by the CLEO collaboration using quantum-correlated
DY decays at the open-charm threshold [61], but it may also be calculated from knowledge
of the contributing resonances. In both cases, therefore, it is valuable to be able to model

the variation of the magnitude and phase of the D%-decay amplitudes across phase space.

This chapter describes the construction of time-integrated amplitude models of the D® —
KIK*7tF decays, and the use of these models to test SU(3) flavour symmetry predictions,
search for local [CP)] violation, and compute coherence factors and associated parameters. In
addition a precise measurement is performed of the ratio of branching fractions. Details
concerning the data sample used for this analysis were presented in Chapter 5| and will only
be discussed further when associated systematic uncertainties are evaluated. The majority

of the theoretical background relevant to amplitude analysis and the isobar model has been
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given in Chapter [2, with the exception of some details that are particularly specific to
the analysis of D — KJK*nF. The amplitude model are given in Sect. [6.1} the
calculation of additional quantities of interest, such as the [CPleven fraction and coherence
factor, is described in Sect. 6.2} and the model-finding procedure is outlined in Sect. The
application of this procedure is described in Sect. [6.4] with further details given in Sect. [6.5]
The calculation of systematic uncertainties is described in Sect. and the final models are
presented in Sect. [6.7] Additional results are presented in the following sections, such as the
search for direct violation (Sect. [6.8]), measurement of the ratio of branching fractions
(Sect. [6.9), computation of the [CP}even fraction and coherence factor (Sect.[6.10)), and tests
of SU(3) flavour symmetry (Sect.[6.11). Finally, conclusions are given in Sect. [6.12]

This work is published in Ref. [162].

6.1 Amplitude model [probability density functions

Amplitude models for the D® — KYK*7tF decays are constructed using the isobar formalism,
which was introduced in Chapter [2J Throughout this chapter the two-dimensional complex
decay amplitudes for these decays will be expressed in terms of the squared invariant masses
mign = m? (K%7t) and m%,_ = m? (Kn), as this choice highlights the dominant resonant
structure of the D? — KIK*7nF decay modes. Only resonances with spin J € {0, 1,2}
are considered in the models, as those with greater spin are not expected to contribute
significantly to the D — KIK*7F decays. The particle ordering convention chosen for this
analysis is given in Table [6.1] This is important because the J = 1 spin factor, €, is
antisymmetric under exchange of the indices describing the resonance children. The meson
radius parameters introduced in Sect. are set to dpo = 5.0¢/GeV and dg = 1.5¢/GeV,

following the literature [61,62].

This analysis uses two different parameterisations for the K7t S-wave contributions, dubbed
GLASS and LASS, with different motivations. These forms include both K(1430) resonance

and nonresonant K7t S-wave contributions. The LASS parameterisation’s dynamical function
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Table 6.1: Particle ordering conventions used in this analysis.

Decay A B C
DO — KOK*, KOS K#fnf  m K K
DO — KFK*, K5 Kt K¢ n K

D% — niF(p*,at), pfaf—-KIK* K K! =

takes the form

Tr=f ( MK > TR Gin (65 + Op) 'Os+or) (6.1)

TMK(1430) q

where ¢ is the momentum of the resonance children in the resonance rest frame,
f(.T) = Aexp (bl.ilﬁ + bg.TQ + b3$3) (62)

is an empirical real production form factor, and the phases are defined by

o G — mgrIRr (Mkr)
R ands = L
arq Mk (1430) — Mkn

2aq

tandp = (6.3)

The scattering length a, effective range r and K{(1430) mass and width are taken from
measurements |184] at the LASS experiment [185] and are tabulated in Appendix [Al With
the choice f(x) = 1 this form has been used in previous analyses, e.g. Refs. [186-188|,
and if 0 is additionally set to zero the relativistic S-wave Breit-Wigner form is recovered.
The Watson theorem [189] states that the phase motion, as a function of K7t invariant
mass, is the same in elastic scattering and decay processes, in the absence of final-state
interactions (i.e. in the isobar model). Studies of K7 scattering data indicate that the
S-wave remains elastic up to the Kn' threshold [184]. The magnitude behaviour is not
constrained by the Watson theorem, which motivates the inclusion of the form factor f(z),
but the LASS parameterisation preserves the phase behaviour measured in K7t scattering. The
real form factor parameters are allowed to take different values for the neutral and charged
K§(1430) resonances, as the production processes are not the same, but the parameters taken
from LASS measurements, which specify the phase behaviour, are shared between both Kt
channels. A transformed set b’ = U~!b of the parameters b = (by, by, b3) defined in Eqn.
is also defined for use in the isobar model fit, which is described in detail in Sect. [6.5 The
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constant matrix U is chosen to minimise fit correlations, and the form factor is normalised
to unity at the centre of the accessible kinematic range, e.g. %(ng + Mgt +mpo —my+) for

the charged K7t S-wave.

The GLASS (Generalised LASS) parameterisation has been used by several recent ampli-

tude analyses, e.g. Refs. [36,/61,67],

TR = [F sin(5F + ¢F)€i(6F+¢F) + SiH((SS)ei(63+¢5)€2i(6F+¢F)} Tnjﬂa (64)

where 07 and dg are defined as before, and F', ¢ and ¢g are free parameters in the fit. It
should be noted that this functional form can result in phase behaviour significantly different

to that measured in LASS scattering data when its parameters are allowed to vary freely.

This is illustrated in Fig. [6.9 Sect. [6.7]

6.1.1 Fit components

There are three event categories described in Sect. that must be treated separately
in the isobar model fits. The signal and mistagged components are described by terms
proportional to 5(mf<(s) - m%(ﬂ)|/(\7l)KgKiﬂ:F (migﬂ, mi..)|?, while the combinatorial component
is described by a smooth function, cxog+nr (mign, m%..), obtained by applying to data in the
m(KYKm) sidebands the same non-parametric kernel estimator used to model the efficiency
variation. The same combinatorial background model is used for both D° flavours, and the

same efficiency function is used for both modes and D° flavours. The overall function used

in the fit to D®— KIK*7nF decays is therefore

2
2 2 ) _ 2 2 2 2
Progerer (ngmmKn) =1 —fu—fo)e (ngTU mKn) ’MKgKinﬂF (ngﬂ7mKﬁ>’
2
2 2 2 2
+ fme (ngm mKn) ‘MK(S)KinjF (ngm mKn)‘ (65)

2 2
+ fchgKirr]F (ngm mKTc) )

where the mistagged contribution consists of D?— KYK*ntT decays and f,, (f.) denotes the

mistagged (combinatorial) fraction tabulated in Table [5.3]
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All parameters except the complex amplitudes age™® are shared between the for
both modes and both D° flavours. For the other parameters, Gaussian constraints are
included unless stated otherwise. The nominal values used in the constraints are tabulated
in Appendix [Al No constraints are applied for the Kt S-wave parameters by 3, F', ¢5 and
¢r, as these have no suitable nominal values. The K7t S-wave parameters a and r are
treated differently in the GLASS and LASS models. In the LASS case these parameters are
shared between the neutral and charged K7t channels and a Gaussian constraint to the LASS
measurements [184] is included. In the GLASS case these are allowed to vary freely and take

different values for the two channels.

6.2 Coherence factor and CP-even fraction

The coherence factor Ry and mean strong-phase difference d;¢ for the multi-body decays D — f
and D — f quantify the similarity of the two decay structures [183]. In the limit Ry — 1 the
matrix elements for the two decays are identical. For D? — KIK*7n¥ the coherence factor
and mean strong-phase difference are defined by [61,(182]

/MKgKJrﬂ* (m%{gm m%(n) M;((S)K*ﬂ+ (m%{gm m%(ﬂ) dmf{gndm%(ﬂ

—ib0
KeKmr —
Rxogne "s7" =

, 6.6
MK(S)KJFW* *]\4KgK*7rJr ( )

where

2
2 — 2 2 2 2
Myogsnr :/’MKgKinqc (ngﬂ,mKﬂ)‘ dmicordmic, (6.7)

and the integrals are over the entire available phase space. The restricted phase space
coherence factor Ri-~xe "k*k is defined analogously but with all integrals restricted to an
area of phase space close to the K*(892)* resonance. The restricted area is defined by Ref. [61]
as the region where the K%7t* invariant mass is within 100 MeV/c? of the K*(892)% mass.
The four observables RKgKm 5K§Km Ry+x and dx+kx have been measured using quantum-
correlated P (3770) — DD decays by the CLEO collaboration [61], and the coherence was
found to be large for both the full and the restricted regions. This amplitude analysis

is not sensitive to the overall phase difference between D — KYK*7t~ and D° — KIK 7.
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However, because this overall phase cancels, the combination 6KgK7[ — dg+k can be calculated
from the isobar models, along with RKgK7T and Rk-k. There are, therefore, three parameters

that can be compared to CLEO results.

An associated parameter that it is interesting to consider is the even fraction [92],

T (D4 [KIKE) 2+ [(D-[KIKE7T) 2 '

where the |CP| eigenstates |D.) are given by % “DO} + |ﬁ0>}. The amplitude for one [CP

eigenstate, |D4), is given by
_ 1 _ — _ 2
(D2 [KEK ) [* = 2 [(DY[KIK ") & (DY [KIK )|

2
1 9 MKOK+7I_ MKOK+7I_
=-M 1 S +2—3
PR Sl Ve M
KOK—mr+ K{K—mt

= % [1 + BKgKn + 2\/@RK%KH cos (5K§K”)} ’

where Bgoyy, is the ratio of branching fractions of the two DY — KYK*nF modes, « is a

RKgKn COS (5KgKn) (6.9)

constant, the effects of direct violation have been neglected and the KIK~7t* final state

has been chosen for clarity. The [CP}even fraction is given by

11+ Bxokr + 2/ Broxn koK COS <5KgKn)
1+ Bigkr (6.10)

[1 + 2Rxokn COS<5K2KW)\/BKgK7I(1 + BKgKn)_l] :

_,’_:

N~ DN

As stated above, the relative strong phase 5KgKn is not predicted by the amplitude models

and requires external input.

6.3 Model-finding procedure

Amplitude models are fitted using an unbinned maximum-likelihood method, using the
GooFi1T [190] package to exploit massively-parallel Graphics Processing Unit (GPU) ar-

chitectures. Where x?/bin values are quoted these are simply to indicate the fit quality.
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Table 6.2: Resonances initially considered for inclusion in each isobar model.

K~ — Kin~ K?— K7t phat— KIK'

K*(892)~ K*(892)° a(9830) "
K*(1410)~  K*(1410)°  a,(1320)*
K;(1430)-  K3(1430)°  ag(1450)*
K3(1430)-  K3(1430)°  p(1450)*
K*(1680)~  K*(1680)°  p(1700)*

Statistical uncertainties on derived quantities, such as the resonance fit fractions, are calcu-

lated using a pseudoexperiment method based on the fit covariance matrix.

Initially, 15 resonances are considered for inclusion in each isobar model. These are
summarised in Table [6.2] Preliminary studies showed that models containing the K*(1680)
resonances tend to include large interference terms, which are cancelled by other large com-
ponents. Such fine-tuned interference effects are in general unphysical, and are therefore
disfavoured in the model-finding procedure [66,191]. It is worth noting that the large masses
of the K*(1680) resonances imply that only their low-mass tails enter the kinematically-
allowed regions of the D® — KIYK*7F Dalitz plots. The K*(1680) resonances are not consid-
ered further, and additionally the absolute value of the sum of interference fractions [192] is
required to be less than 30 % in all models. In the absence of the K*(1680) resonances, large
interference terms are typically generated by the Kmt S-wave contributions. The requirement
on the sum of interference fractions, while arbitrary, allows an iterative procedure to be used
to search for the best amplitude models. This procedure explores a large number of possible
starting configurations and sets of resonances; it begins with the most general models con-
taining all 13 resonances and considers progressively simpler configurations, trying a large
number of initial fit configurations for each set of resonances, until no further improvement
in fit quality is found among models simple enough to satisfy the interference fraction limit.

Higher values of this limit lead to a large number of candidate models with similar fit quality.

A second procedure iteratively removes resonances from the models if they do not signif-
icantly improve the fit quality. In this step a resonance must improve the value of —2log L,
where L is the likelihood of the full dataset, by at least 16 units in order to be retained.

This threshold corresponds, approximately, to a change of 0.01 units in x?/bin for the model
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in question. Up to this point, the K*(892) mass and width parameters and K S-wave
parameters have been allowed to vary in the fit, but mass and width parameters for other
resonances have been fixed. To improve the quality of fit further, in a third step, S- and
P-wave resonance parameters are allowed to vary. The tensor resonance parameters are
known precisely [54], so remain fixed. At this stage, resonances that no longer significantly
improve the fit quality are removed, with the threshold tightened so that each resonance

must increase —2log £ by 25 units in order to be retained.

Finally, parameters that are consistent with their nominal values to within 1o are fixed to
the nominal value. The nominal values used are tabulated in Appendix [A] The entire proce-
dure is performed in parallel using the GLASS and LASS parameterisations of the K7t S-wave.

Some additional adjustments are made to the final models; these are discussed in Sect.

6.4 Application of model-finding procedure

This section will summarise the evolution of the amplitude models as the iterative procedure

described in Sect. [6.3]is applied to the dataset.

For each new step in the procedure several starting configurations are generated by re-
moving — or adding, if the resonance has already been removed — each resonance in turn from
each mode. Every step also includes a “no change” configuration. The K*(892) resonances
are excluded from this procedure and are present in all models. Ten copies are made of
each new configuration and their parameter values are randomised by generating amplitudes
log-uniform in the range [e72, €?] and phases uniform between —7 and 7. This excludes the
K*(892)* complex amplitude, which is always fixed to unity. In the first iteration, the fits

begin with the LASS form factor parameters b;_3 at zero, as no other seed values are available,

and the other LASS and GLASS parameters are started at the values given in Appendix [A]

The results for the first iteration are shown in Tables [6.3] (GLASS) and [6.4] (LASS), where
several selection requirements have been imposed to reject outliers. Each table shows which

model is retained for the second iteration of the procedure, alongside the quantity “DFF”
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Table 6.3: Fit results after the first iteration of the model-finding procedure using the GLASS
K7t S-wave parameterisation.

DO— KIK-mt  DO— KOK*m-

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No ag(1450)* in D — KIK 7~ 1.18 107.0 1.10 85.8 169.2 No
No K'(1410)° in D - KK~7rt  1.17 1298 110 716 160.6 No
No ag(980)~ in D°— KKt 118 109.1  1.09  90.9 130.0 No
No K3(1430)* in D' KOK-7rt 113 1050  1.08 717 — Yes

Table 6.4: Fit results after the first iteration of the model-finding procedure using the LASS
Kmt S-wave parameterisation. The penultimate model is chosen in preference to the
final row because its fit quality is not significantly different, but the DFF values are
closer to 100 % and our theoretical prejudice is that neutral K* contributions should
be suppressed with respect to their charged counterparts. It will be shown that the
K3(1430)~ state is removed from the D? — KIK*7~ model in a later iteration.

DO— KIK-mt  D°— KOK*m-

Description x?/bin  DFF [%] x2?/bin DFF [%] A(—2logL) Retained
No ay(1320)~ in DY — KIK~7t+ 1.14 119.5 1.10 89.7 13.7 No
No K}(1430)° in D = KK-7rt  1.13 1135 110 90.8 41 Yes
No K3(1430) in D KOK*m~  1.13 1153 110  89.1 — No

(diagonal fit fraction), which is the sum of fit fractions [192] from the various resonances,
excluding interference terms. The important requirement, introduced in Sect. [6.3] that
70% < DFF < 130% is applied in these tables, while models must additionally have
x?/bin < 1.3 separately for each D? — KIK*nt¥ decay mode, and the increase, A (—2log L),
in negative log-likelihood with respect to the best model must be less than 200 units. Loose
selection requirements are also applied to some fitted values in models using the GLASS param-
eterisation to exclude fits where these float excessively far. It is required that a € [1074,99],
r € [—99,+99] and F € [107%,9.9]. These ranges are slightly narrower than the parameter

ranges imposed in the minimisation algorithm to mitigate poor behaviour in that regime.

The results for the second iteration are shown in Tables 6.5 (GLASS) and |6.6] (LASS), where
the upper limit on x?/bin for each mode has been tightened from 1.3 to 1.2 for brevity. In the
second iteration, K7t S-wave parameters that were floated freely during the first iteration
are seeded with, but not constrained to, the values from the models retained in the first

iteration. These parameters are tabulated in Appendix [B] Parameters that were constrained

in the fit, i.e. the K*(892), K{(1430) and — in the LASS case — the a and r Kmt S-wave
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Table 6.5: Fit results after the second iteration of the model-finding procedure using the GLASS
Kmt S-wave parameterisation. Descriptions are relative to the retained model in Ta-

ble @

DY K'K-mt  D°— KOK*m~

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No p(1450)" in D°— KK 1.17 1254 108  79.1 97.9 No
No K5(1430)° in D°— KOK*m~ 113 981 110  73.3 68.5 No
No ag(1450)* in D — KIK 7t~ 1.14 104.2 1.10 73.8 64.7 No
No Kj(1430)° in D° — K°K~mt 113 1131  1.09  70.3 414 No
No K*(1410)~ in D°— KKt~ 1.12 100.6 1.09 73.0 33.9 No
No a5(1320)~ in D — KIK 7" 1.14 105.2 1.08 72.4 33.8 No
No p(1450)~ in D® — KIK-7* 1.14 126.0 1.08 71.1 30.9 No
No K3(1430)~ in D~ KOK*m~ 113 100.3 108  77.1 275 No
No p(1700)~ in D% — KK~ 7" 1.14 106.8 1.08 70.1 25.7 No
No p(1450)" in D% — KK*7~ 1.13 101.8 1.08 73.3 16.1 No
No a(980)~ in D® — KIK—7nt* 1.13 102.0 1.08 2.7 11.1 No
No a5(1320)* in D — KIK 7t~ 1.13 105.9 1.08 71.1 1.8 Yes
No change 1.13 105.1 1.08 71.1 — No

parameters, are reset to their nominal values in the new configurations. In the GLASS results
(Table the best-fitting model has the same resonance content as the seed model taken
from Table|6.3], indicating that no further change is preferred and the first stage of the model-
finding procedure has converged. However, the change in —2log £ from the best model to
the model which removes the ay(1320)" resonance from the D° — KK*7t~ mode is only
1.8 units. This is not deemed significant, so the model with fewer resonances is preferred.
Similarly the LASS results (Table show a weak preference for a model that reverts the
removal, in the first iteration, of the K,(1430)° resonance from the D® — KIK~7rt model.
Again, the model with the fewest resonances is preferred: the K3(1430)" is removed from

the D — K%K~7tt model, and the first stage of the model-finding procedure has converged.

The next stage in the model-finding procedure is to “clean” the models. This is similar
to the previous iterations in that each resonance is removed in turn from the current best
models, but differs in that no parameters are randomised or reset. The change in —21log L is
evaluated with respect to the current best model, and the resonance that produces the small-
est improvement in fit quality is removed until all remaining resonances improve —2log £
by at least 16 units. This procedure converges after two iterations for the models using the

GLASS K7t S-wave parameterisation, and after four iterations when the LASS parameterisa-
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Table 6.6: Fit results after the second iteration of the model-finding procedure using the LASS
K7t S-wave parameterisation. Descriptions are relative to the retained model in Ta-

ble @

DO— KOK-mt  DO— KOK*m

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No a¢(1450)~ in D®— KIK~7t* 1.19 118.7 1.08 93.4 87.1 No
No p(1700)" in D — KIK* 7~ 1.12 110.0 1.15 88.2 79.2 No
No K*(1410)~ in D — KK* 7t~ 1.14 114.4 1.11 93.0 414 No
No as(1320) in D' KOK-7+ 114 1229 110  91.3 274 No
No K*(1410)° in D — KIK*7~ 1.13 109.7 1.11 99.3 26.6 No
No p(1700)~ in D — KK~ 7" 1.14 119.5 1.10 91.6 249 No
No p(1450)" in D — KIK* 7~ 1.13 113.2 1.11 82.6 21.6 No
No K3(1430)" in D°— KOK*m~  1.14 1155 110  89.2 11.0 No
No K3(1430)° in D°— KOK*m~ 113 1124 110 916 9.6 No
No a(1320)" in D — KK 7t~ 1.13 115.1 1.10 90.7 6.8 No
No change 1.13 113.6 1.10 90.8 5.0 No
No K3(1430)" in D*— KK~ 7" 1.13 1134 1.10 90.6 4.9 Yes
Add K5(1430)° to D — KOK—n  1.13 1147 110  89.1 — No

tion is used. These iterations are detailed in Appendix [B]

The majority of resonance mass and decay width parameters, mg and ['r, have remained
fixed in the fits discussed thus far. The next stage in the model-finding procedure is to
allow additional J = 0 and J = 1 resonance parameters to vary with Gaussian constraints
to their nominal values. The freed parameters are the ag(980)* mass and the ag(1450)%,
p(1450)%, p(1700)%, K*(1410)* and K*(1410)° masses and widths. The ag(980) resonance is
described by the coupled-channel Flatté dynamical function and lacks an appropriate width
parameter to vary. This process is referred to as “refining” the models. The J = 2 resonance
parameters are precisely known [54] and remain fixed in the fits. When this procedure is
applied to the best model using the LASS K7t S-wave parameterisation a reasonable model
with some tension in the ag(980)* mass is produced. Applying the same procedure to
the best model using the GLASS K7t S-wave parameterisation produces a model with the
a9(980)* mass nearly 40 (80 MeV/c?) below the nominal value. If this parameter is fixed
to the nominal value then the p(1450)* mass is forced to 1115 MeV/c?, which is 2.20 below
the nominal value and well within one decay width of the KYK* kinematic threshold. The
“refined” model using the GLASS parameterisation, therefore, fixes both the ag(980)* and

p(1450)* masses to the nominal values.
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The additional degrees of freedom introduced in the refining procedure can reduce the
significance of resonances in the models. To ensure the final models contain only resonances
that significantly improve the description of the data, a second cleaning procedure is ap-
plied to the models. This differs from the first cleaning procedure in that the threshold in
A (—2log L) is increased from 16 to 25 units, and the additional parameters that were set
free in the refining stage remain free. This procedure converges after two iterations for the
models using the GLASS K7t S-wave parameterisation, and requires three iterations when the
LASS parameterisation is used. These iterations are described in Appendix [B] Several minor
adjustments made to the resulting models are described in Sect. [6.5] but none of these affect

the resonance content or the qualitative results.

6.5 Model adjustments

Several checks are carried out on the final models described in Sect. [6.4] and minor adjust-
ments are made in order to stabilise uncertainty calculations and remove redundant degrees
of freedom. First, the models are re-fitted using polar coordinates, are’*®, for the complex
amplitudes in place of the cartesian parameterisation used throughout the model-finding
process. This allows the minimisation algorithm, MINUIT, to calculate uncertainties di-
rectly on the polar coordinates, which are of greater physical interest than the cartesian
forms. The cartesian parameterisation is superior for preliminary studies because it remains

well-behaved when amplitudes approach zero.

The next adjustment is to fix parameters where a prior measurement exists and the
fitted value lies within 1o, as reported by the fit, of the known value. This typically affects
parameters that were floated with Gaussian constraints but are not significantly constrained
by the [LHCD| dataset. The adjustment is made for two reasons: first, it reduces the number
of free parameters the minimisation algorithm must process, and, second, the values to be
fixed are not independent measurements of the parameters in question and are not, therefore,
suitable for inclusion in averages such as Ref. [54]. Nine parameters are fixed in the best

model using the GLASS K7t S-wave parameterisation and eleven in the best model using the
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LASS parameterisation. These are listed in Appendix [B]

The data are found to prefer a solution where the GLASS parameterisation of the charged
K7t S-wave has a poorly constrained degree of freedom, and large correlations are found
between three parameters: the charged K7t S-wave amplitude parameters, agr, in the two
D% — KIK=nF decay modes, and the corresponding GLASS F' parameter. The data favour a
relatively large value of F', so the GLASS dynamical function is approximately proportional
to F' and there is, approximately, a redundant degree of freedom. The distribution of these
three parameters in an ensemble of pseudoexperiments generated from the best isobar model
is shown in Fig. 6.2 To stabilise the fit, and in particular the uncertainty calculation, the F’

parameter for the charged K7t S-wave is fixed to its central value, 1.785, in the best models
using the GLASS parameterisation.
It was noted above, in Sect. [6.1] that a transformed set of LASS parameterisation form

factor parameters, b} , 5, is used to reduce correlations among the fit parameters used by the

numerical minimisation algorithm. The transformation matrix is defined by b’ = U~!b and

KeK* 7 (K9m)* S-wave Amp

8

(K%)= o -
S7T) 5»\\';1‘»0 GLagg » 10 12 -1.0 \,\\\T\\

Figure 6.2: Three-dimensional scatter plot illustrating the large correlations seen between the GLASS
K7t S-wave parameter F' and the corresponding resonance amplitudes, ag. Also shown
are the best-fit plane and right-singular vectors of the distribution.
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is derived from a singular value decomposition of b; 23 values obtained in an ensemble of
pseudoexperiments generated from the best isobar models. The transformation is illustrated

in Fig. [6.3] while the transformation matrices are tabulated in Appendix [C]

6.6 Systematic uncertainties

Several sources of systematic uncertainty are considered. Those due to experimental issues
are described first, followed by uncertainties related to the amplitude model formalism.
Unless otherwise stated, the uncertainty assigned to each parameter using an alternative fit

is the absolute difference in its value between the nominal and alternative fit.

As mentioned in Sect. [5.4], candidates extremely close to the edges of the allowed kine-
matic region of the Dalitz plot are excluded. The requirement made is that the largest of
the three |cos(fap)| values is less than 0.98. A systematic uncertainty due to this process
is estimated by changing the threshold to 0.96, as this excludes a similar additional area of

the Dalitz plot as the original requirement.

The systematic uncertainty related to the efficiency model E(m%{gn’ mi%..) is evaluated in
four ways. The first probes the process by which a smooth curve is produced from sim-
ulated events; this uncertainty is evaluated using an alternative fit that substitutes the
non-parametric estimator with a polynomial parameterisation. The second uncertainty is
due to the limited sample size of simulated events. This is evaluated by generating several
alternative polynomial efficiency models according to the covariance matrix of the polyno-
mial model parameters; the spread in parameter values from this ensemble is assigned as
the uncertainty due to the limited sample size. The third contribution is due to possible
imperfections in the description of the data by the simulation. This uncertainty is assigned
using an alternative simultaneous fit that separates the sample into three categories accord-
ing to the year in which the data were collected and the type of K2 candidate used. As noted
in Sect. , the sample recorded during 2011 does not include downstream K? candidates.

These sub-samples have different kinematic distributions and e(mz, _,mi,) behaviour, so
S
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Figure 6.3: Three-dimensional scatter plots illustrating the large correlations seen among the LASS
parameterisation form factor parameters for the charged (a) and neutral (b) K7t S-wave
before they are transformed. Also shown are the best-fit plane and the right-singular

vectors, which correspond to the new coordinates b} , 5.
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this procedure tests the ability of the simulation process to reproduce the variation seen in

the data.

The final contribution is due to the re-weighting procedures used to include the effect of
offline selection requirements based on information from the [RICH| detectors, and to correct
for discrepancies between data and simulation in the reconstruction efficiencies of long and
downstream K¢ candidates. This is evaluated using alternative efficiency models where the
relative proportion of the track types is altered, and the weights describing the efficiency of
selection requirements using information from the [RICH] detectors are modified to account
for the limited calibration sample size. Additional robustness checks have been performed to
probe the description of the efficiency function by the simulated events. In these checks the
data are divided into two equally-populated bins of the D meson p, pr or pseudorapidity
and the amplitude models are re-fitted using each bin separately. The fit results in each
pair of bins are found to be compatible within the assigned uncertainties, indicating that

the simulated D kinematics adequately match the data.

An uncertainty is assigned due to the description of the hardware trigger efficiency in
simulated events. Because the signal decay may not be responsible for firing the hardware
trigger, it is important that the underlying pp interaction is well described, and a systematic
uncertainty is assigned due to possible imperfections. This uncertainty is obtained using
an alternative efficiency model generated from simulated events that have been weighted to

adjust the fraction where the hardware trigger was fired by the signal candidate.

The uncertainty due to the description of the combinatorial background is evaluated
by recomputing the chKiﬁ(mf(g _,mi,) function using m(K{Kr) sideband events to which
an alternative kinematic fit has been applied, without a constraint on the D° mass. The
alternative model is expected to describe the edges of the phase space less accurately, while

providing an improved description of peaking features.

An alternative set of models is produced using a threshold of 9 units in the value of
—2log L instead of the thresholds of 16 and 25 used for the model-finding procedure. These

models contain more resonances, as fewer are removed during the model-finding process. A
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systematic uncertainty is assigned using these alternative models for those parameters which

are common between the two sets of models.

Two parameters of the Flatté dynamical function, which is used to describe the ag(980)*
resonance, are fixed to nominal values in the isobar model fits. Alternative fits are performed,
where these parameters are fixed to different values according to their quoted uncertainties,

and the largest changes to the fit parameters are assigned as systematic uncertainties.

The effect of resolution in the mf{gﬂ and m%_ coordinates is neglected in the isobar
model fits, and this is expected to have an effect on the measured K*(892)* decay width.

An uncertainty is calculated using a pseudoexperiment method, and is found to be small.

The uncertainty due to the yield determination process described in Sect. [5.3|is measured
by changing the fractions f,, and f. in the isobar model fit according to their statistical
uncertainties, and taking the largest changes with respect to the nominal result as the

systematic uncertainty.

There are two sources of systematic uncertainty due to the amplitude model formalism
considered. The first is that due to varying the meson radius parameters dpo and dr, defined
in Sect. 2.4 These are changed from dpo = 5.0¢/GeV and dr = 1.5¢/GeV to 2.5 ¢/GeV and
1.0 ¢/GeV, respectively [61,/67]. The second is due to the dynamical function Ty used to
describe the p(1450,1700)* resonances. These resonances are described by the Gounaris-
Sakurai functional form in the nominal models, which is replaced with a relativistic P-wave

Breit-Wigner function to calculate a systematic uncertainty due to this choice.

The uncertainties described above are added in quadrature to produce the total system-
atic uncertainty quoted for the various results. For most quantities the dominant systematic
uncertainty is due to the meson radius parameters dpo and dg. The largest sources of experi-
mental uncertainty relate to the description of the efficiency variation across the Dalitz plot.
The fit procedure and statistical uncertainty calculation have been validated using pseudo-
experiments and no bias was found. Tables summarising the various sources of systematic

uncertainty and their relative contributions are included in Appendix [D]



Model results 105

e I I I I I I I I o T T T T T T T T
s~ 00 LHCb ¥ T &~15000
% %
D 4000 )
& S
~ ~—
% 2000 7
= = 5000
e el
= 1000 =
= =
® <
1000, 4 0 0y i R R R R R R
0.4 0608 1.0 1.2 14 1.6 1.8 2.0 040608 1012141618 2.0
m, [GeVYct ] Mg, [GeV/ e ]
o | | | | |
cf 6000 |- LHCh — Total
; — K*(892)*
O 5000 N
% <KS7T>S—Wave
S 4000 .
= ool AN K (1410)0
~—
§ XX XXX <K7-[)%‘Wave
2000 .
T 1000 assas K*(892)T x K (1410)°
)
S ; oooen K (892) < (Km)% .
%
L - (KIS e x KO(1410)°
—1000 | Aufast | | |

1.0 1.5 2.0 2.5 3.0
mf(gK [GeVY ! ]
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DY — KIK~ 7t mode with fit curves from the best GLASS model. The solid (blue) curve

shows the full [PDF Pyox—pt (mion, m# ), while the other curves show the components

with the largest integrated fractions. The solid black markers indicate the data.

6.7 Model results

The fit results for the best isobar models using the GLASS and LASS parameterisations of
the K7t S-wave are given in Table . Distributions of m%_, mf(gﬂ and mf(gK are shown
alongside the best model of the DY — KYK~7t™ mode using the GLASS parameterisation in

Fig. [6.4 In Fig. and elsewhere the nomenclature R; x Ry denotes interference terms.

The corresponding distributions showing the best model using the LASS parameterisation
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Table 6.7: Isobar model fit results for the DY — KIK*7F modes. The first uncertainties are statistical and the second systematic.

106

aRr or [°] Fit fraction [%)]

Resonance GLASS LASS GLASS LASS GLASS LASS

DY — Nmﬁ|ﬁ+
K*(892)* 1.0 (fixed) 1.0 (fixed) 0.0 (fixed) 0.0 (fixed) 57.0£0.8£2.6 56.9+06=£1.1
K*(1410)* 43+03%0.7 5.834+0.29 £0.29 —160+£6 + 24 —143+£3+6 5+1+4 96+1.14+29
Aﬁmﬂv%s@é 0.6240.05 £0.18 1.13£0.094£0.21 —67x5+£15 —59+4+13 12+£24+9 11.7+£1.0+£ 2.3
N*Amwwvo 0.213+£0.007 £ 0.018 0.210£0.006 £0.010 —108+2+4 —101.5£204£28 254+02+04 2.47+0.15+£0.23
W*ﬁﬁovo 6.0£0.3+0.5 394+024+04 —1794+44+17 —1744+4+7 94+14+4 3.8£0.5+2.0
N%Ewovo 3.2+£03+1.0 — —1724+54+23 — 3.4+0.642.7 —
Aﬁﬁvw-éé 25+024+1.3 1.28+0.124+0.23 50410 %+ 80 7h+3£8 11£24+10 18+2+4
a0(980)~ — 1.074+0.09 £0.14 — 82E£547 — 4.04+0.7x1.1
a2(1320)~ 0.1940.03 £0.09 0.174+0.03 £ 0.05 —129+£8+ 17 —128+£10%8 0.204+0.06 £0.21 0.15£0.06 &= 0.13
ao(1450)~ 0.52+£0.04 £0.15 0.43+£0.05£0.10 —82+7+31 —494+114+19 1.2+£02+0.6 0.74+0.15+£0.34
p(1450)~ 1.6+0.2+0.5 1.3+£0.1+£04 —177+7 4+ 32 —1444+74+9 1.3+0.3+£0.7 1.4+0.2+0.7
p(1700)~ 0.384+0.08 £0.15 — —70£10 %60 — 0.124+0.056 £0.14 —

D% — NMNLSA\
K*(892)~ 1.0 (fixed) 1.0 (fixed) 0.0 (fixed) 0.0 (fixed) 29.54+0.6 £1.6 28.8+04+1.3
K*(1410)~ 4.7+05+1.1 91+064+1.5 —106£6 + 25 —79+£3+7 3.1£06£1.6 11.9+£1.5+2.2
Axmﬂvw.?é 0.58+£0.05 £0.11 1.16 £0.11 £ 0.32 —164+6 + 31 —101+£6 £+ 21 544+09+1.7 6.3+0.9+2.1
N*Amwwvo 0.410+0.010 £0.021 0.4274+0.010 £0.013 176 £24+9 —175.0£1.74+14 48240.23+0.35 5.17£0.21 £0.32
W*ﬁﬁovo 6.2+05+14 4.240.5+0.9 175+4+ 14 165£5 410 5.2+£0.7+1.6 22+06+2.1
N%Ewovo 6.3+0.5+1.7 — —139+5+21 — T+£1+4 —
Aﬁﬁvw-éé 3.7£0.3+1.8 1.7£02+£04 100£10£70 144 +£3+6 12+£148 17£2+£6
a0(980)* 1.8+0.1+£0.6 3.840.24+0.7 64+5+24 126 £3+6 11+£1+£6 262 +10
ao(1450)* 0.44+0.05+0.13 0.864+0.10£0.12 —1404+9+ 35 —110£8+7 045+£0.09+0.34 154+03+04
p(1450)* 23+£04+0.8 — —60+6 £ 18 — 1.5+£0.5+0.9 —
p(1700)* 1.0440.12 4+ 0.32 1.25+0.154+0.33 4411420 39+£94+15 0.5+0.14+0.5 0.534+0.11 £0.23
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are shown in Fig. [6.5] Distributions for the D’ — KJK*7t~ mode are shown in Figs. and

6.7 Figure [6.8] shows the GLASS isobar models in two dimensions, and demonstrates that

the GLASS and LASS choices of K7t S-wave parameterisation both lead to similar descriptions

of the overall phase variation. Lookup tables for the complex amplitude variation across the

Dalitz plot in all four isobar models are available in the supplemental material of Ref. |162].
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The data are found to favour solutions that have a significant neutral K7t S-wave contri-
bution, even though the exchange (Fig. [6.1b])) and penguin annihilation (Fig. |6 processes
that contribute to the neutral channel are expected to be suppressed. The expected sup-
pression is observed for the P-wave K*(892) resonances, with the neutral mode fit fractions
substantially lower. The models using the LASS parameterisation additionally show this
pattern for the K*(1410) states. The sums of the fit fractions |192], excluding interference

terms, in the D? — KK~ 7" and D°— KK 7t~ models are, respectively, 103 % (109 %) and
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81% (99 %) using the GLASS (LASS) K7t S-wave parameterisation.

Using measurements of the mean strong-phase difference between the DY — KOK*rm¥
modes available from {(3770) decays [61], the relative complex amplitudes between each
resonance in one D? decay mode and its conjugate contribution to the other D° decay mode

are computed. These values are summarised in Table [6.8]

Additional information about the models is listed in Appendices [C] and [D] including the
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preferring slightly different values of the K*(892)* mass and width.

The top row shows
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Table 6.8: Modulus and phase of the relative amplitudes between resonances that appear in both
the DY — KIK~nt and D — KIK*7~ modes. Relative phases are calculated using
the value of dgok, measured in 1|)(3770) decays [61], and the uncertainty on this value
is included in tile statistical uncertainty. The first uncertainties are statistical and the

second systematic.

Relative

amplitude GLASS LASS
A(K*(892) ) mod  0.582=+0.007 & 0.008 0.576 +=0.005 £ 0.010
A(K* 2)+) arg [°] —24+154+2 —2+15+1
A(K 0)~) mod 0.64+0.08 & 0.22 0.90+0.08 £0.15
A(K +) arg [°] 524+ 17 £+ 20 62+ 16+ 6
A(K2D 5 e ) mod 0.544+0.06 4+ 0.26 0.594+0.05 4+ 0.08
A(KIDE ave) arg [°] —100420 4 40 —44417+10
A(K* 2)°) mod 1.12+£0.05 £0.11 1.174+0.04 £0.05
A(E 0) arg [°] —78+16 £ 10 —75+15+2
A(K 10)°) mod 0.60+0.05+0.12 0.62+0.09 +0.12
A(K* 10)0) arg [°] -9+16+14 —234+17+11
A(K; 30)°) mod 1.1+0.1+0.5 —
A( K;(1430)°) arg [°] 314+17+12 —
A((K*7 )5 wave) ~ mod 0.87+0.08+0.14 0.78 +0.06 &= 0.18
A( K 7_[+ S wave) al"g [O] 49 :l: 25 j: ]_6 68 :l: ].6 :t 6
A(a0(980)+) mod 21+0.24+0.6
A(a0(980 ) arg [°] 42+16+5
A(a0(1450)+) mod 0.4940.06 £ 0.28 1.14+0.16 +0.30
A(ao(1450) ) arg [°] —604+19+ 34 —63+20+19
A(p 1450)*) mod 0.86 £0.16 = 0.26 —
A(p(1450)~) arg [°] 110+ 20 £ 50 —
.A(p +) mod 1.6+£04+04 —
A(p(1700)~) arg [°] 70 £20 4+ 70 —

interference fractions and decomposition of the systematic uncertainties. The best models

contain contributions from the p(1450)* and p(1700)* resonances in the KIK* channels,
supporting evidence in Ref. [73] of the KK decay modes for these states. Alternative models
are fitted where one p* contribution is removed from the best models; in these the value

of —2log L is found to degrade by at least 162 units. Detailed results are tabulated in

Appendix [C]

The K7t S-wave systems are poorly understood [178], and there is no clear theoretical
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Figure 6.9: Comparison of the phase behaviour of the various K7t S-wave parameterisations used.
The solid (red) curve shows the LASS parameterisation, while the dashed (blue) and
dash-dotted (green) curves show, respectively, the GLASS functional form fitted to the
charged and neutral S-wave channels. The final two curves show the GLASS forms fitted
to the charged Kmt S-wave in DY — K97tt7t~ decays in Ref. [67] (triangular markers,
purple) and Ref. [36] (dotted curve, black). The latter of these was used in the analysis
of DY — KIK*7F decays by the CLEO collaboration [61].

guidance regarding the correct description of these systems in an isobar model. As introduced
in Sect. [6.1], the LASS parameterisation is motivated by the Watson theorem, but this assumes
that three-body interactions are negligible and is not, therefore, expected to be precisely

obeyed in nature.

The isobar models using the GLASS parameterisation favour solutions with qualitatively
similar phase behaviour to those using the LASS parameterisation. This is illustrated in
Fig. which also shows the GLASS forms obtained in fits to D® — KSt"7t~ decays by
the BaBar collaboration [36,/67] and previously used in fits to the DY — KOK*nT decay
modes [61]. This figure shows that the GLASS functional form has substantial freedom to
produce different phase behaviour to the LASS form, but that this is not strongly favoured in
the D — KIK*ntT decays. The good quality of fit obtained using the LASS parameterisation
indicates that large differences in phase behaviour with respect to K7t scattering data [184,
185] are not required in order to describe the D° — KIK*7tF decays. A similar conclusion

was drawn in Ref. [193] for the decay D — K~m"n", while Ref. [194] found behaviour
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Table 6.9: Values of x?/bin indicating the fit quality obtained using both K7t S-wave parame-
terisations in the two decay modes. The binning scheme for the DY — KIK~ 7™
(DY — KIK*7t™) mode contains 2191 (2573) bins.

Isobar model
GLASS LASS
DY— K(S)K_Tt+ 1.12 1.10
DY — K(S’K*ﬂ* 1.07 1.09

inconsistent with scattering data using the same DT decay mode but a slightly different
technique. Ref. [195] studied the K7t S-wave in = — K2n v, decays and found that a
parameterisation based on the LASS K7t scattering data, but without a real production

form factor, gave a poor description of the T~ decay data.

The quality of fit for each model is quantified by calculating x? using a dynamic bin-
ning scheme. The values are summarised in Table [6.9) while the binning scheme and two-
dimensional quality of fit are shown in Appendix [C] This binning scheme is generated by
iteratively sub-dividing the Dalitz plot to produce new bins of approximately equal popula-
tion until further sub-division would result in a bin population of fewer than 15 candidates, or
a bin dimension smaller than 0.02 GeV%/¢! in mign or m%_. This minimum size corresponds

to five times the average resolution in these variables.

The overall fit quality is slightly better in the isobar models using the GLASS K7t S-wave
parameterisation, but this is not a significant effect and it should be noted that these models
contain more degrees of freedom, with 57 parameters fitted in the final GLASS model compared

to 50 when using the LASS parameterisation.

The resonance amplitudes in the two models for each decay mode can be compared
graphically using a modified argand diagram, where the radial coordinate is taken to be the
fit fraction rather than the amplitude ar. This is easier to interpret as the overall scale of

the ar parameters is arbitrary. Figure illustrates the best isobar models in this way.
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Figure 6.10: Diagram showing the best isobar models of the D — KIK~n" (a) and D? — KK+ 7~
(b) decay modes for each of the two K7t S-wave parameterisations, GLASS and LASS.
The radial coordinate is the resonance fit fraction in percent.
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6.8 CP violation tests

Searches for time-integrated [CP}violating effects in the resonant structure of these decays
are performed using the best isobar models. The resonance amplitude and phase parameters
ar and ¢r are substituted with agr (1 = Aar) and ¢r £ A¢g, respectively, where the signs
are set by the flavour tag. The convention adopted is that a positive sign produces the D°
complex amplitude. The fitted values of the A parameters are given in Table [6.10], while full

fit results are tabulated in Appendix [C]

A subset of the A parameters is used to perform a x? test against the noviolation
hypothesis: only those parameters corresponding to resonances that are present in the best
isobar models using both the GLASS and LASS K7t S-wave parameterisations are included.
The absolute difference |Agrass — Arass| is assigned as the systematic uncertainty due to
dependence on the choice of isobar model. This subset of parameters is shown in Table[6.10]
where the change in fit fraction between the D® and D° solutions is included for illustrative

purposes. In the x? test the statistical and systematic uncertainties are added in quadrature.

Using the best GLASS (LASS) isobar models the test result is x?/ndf = 30.5/32 = 0.95
(32.3/32 = 1.01), corresponding to a p-value of 0.54 (0.45). Therefore, the data are compat-

ible with the hypothesis of [CP| conservation.

6.9 Ratio of branching fractions measurement

The ratio of branching fractions

B (D’ — KXK*7)
Broxn = 0 0T — 5
S B (DY — KIK—7tt)

(6.11)

and the restricted region ratio Bk, defined in the same region near the K*(892)* resonance

as the coherence factor Ri«k (Sect.[6.2)), are also measured. The efficiency correction due to

the reconstruction efficiency e(mgo_, mi,) is evaluated using the best isobar models, and the
S

difference between the results obtained with the two K7t S-wave parameterisations is taken
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Table 6.10: HS&@EOB fit results. Results are only shown for those resonances that appear in both the GLASS and LASS models. The first
uncertainties are statistical and the second systematic; the only systematic uncertainty is that due to the choice of isobar model.

Aag Agr [°] A(Fit fraction) [%]

Resonance GLASS LASS GLASS LASS GLASS LASS

D% — WWW|§+
K*(892)" 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.6+£1.0+0.3 09+£1.04+£0.3
K*(1410)* 0.07£0.06 £0.04 0.03+£0.06 £ 0.04 394+354+19 2029419 1.4+0.8+0.2 1.2+£1.64+£0.2
Aﬁmﬂvmémé 0.02£0.08 £0.07 —0.0540.08 £ 0.07 20£1.7£0.0 20+£1.74+0.0 1+£4+£3 —2.34+£3.5%+3.3
W*Awowvo —0.046 £0.031 £ 0.005 —0.051+£0.030 £ 0.005 1.2+£1.6+0.3 1.5+£1.7+£03 —-0434+0.30£0.03 —-0.474+0.29£0.03
W*Gﬁovo 0.006 +0.034 £ 0.017 0.02+£0.04 £0.02 24545 —3+6=£5 0.3+£1.0%+0.1 044+0.7+0.1
Aﬁﬂvmémé 0.05+0.04 £ 0.02 0.03+£0.04 £0.02 04+£16+0.6 1.0£1.4+0.6 22+13+04 26+£224+04
a2(1320)~ —0.254+0.14 £ 0.01 —0.24£+0.13+£0.01 24943 —14+9+3 —0.20£0.13+£0.05 —-0.154+0.10£0.05
ao(1450)~ —0.01+0.14 +0.12 —0.134+0.14 £ 0.12 0+5+4 —4+6+4 —-0.0£04+04 —-04+04+£04
p(1450)~ 0.06+0.13£0.11 —0.05£0.12+0.11 —13£+£10+£9 —5+9+9 0.3£0.74+0.6 —0.3+£0.7£0.6

D% — WWW+§|
K*(892)~ 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed) —1.14+£0.74£0.2 —094+0.7£0.2
K*(1410)~ 0.054+0.12 £ 0.08 —0.03+0.10 £ 0.08 —6+4+£3 —-3.0£3.6£28 0.6+2.7+24 —2+4+2
Aﬁmﬁvwémé 0.10+£0.25£0.24 —0.144+0.254+0.24 —7.7+£3.4+£0.0 —8+4+0 2646 —4+6+£6
W*A%wvo —0.010£0.024 £ 0.001 —-0.012+0.022+£0.001 —-144+£294+2.2 08+284+22 —-04£+04+0.0 —0.44+£044+0.0
W*ﬁﬁovo 0.10+£0.10 £ 0.09 0.194+0.13 £ 0.09 —14+9+£8 —94+9+£8 19+£1.1+£0.2 1.6£0.8+0.2
Aﬁﬂvmémé —0.07+0.06 & 0.05 —0.124+0.06 £ 0.05 —2+4+4 24+4+4 —4+5+£5 —94+6+£5
@kowov+ 0.06+0.04 £0.01 0.052 40.025 £ 0.008 —3+5+£2 —094+31£22 224+284+24 46+3.3+24
ao(1450)* —0.114£0.10 £ 0.04 —0.07£0.07 £ 0.04 10845 5+6+5 —0.21£0.30+£023 —-044+04+£02
p(1700)* —0.03£0.13 £ 0.09 —0.124+0.13 £ 0.09 44+6+£2 24542 —0.07+£0.254+0.19 —-0.274+0.274+0.19
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Table 6.11: Coherence factor observables to which the isobar models are sensitive. The third column
summarises the CLEO results measured in quantum-correlated decays [61], where the
uncertainty on dgoyk, —0Kx+K is calculated assuming maximal correlation between dyo,
and dg+g. The ﬁrst uncertainties are statistical and where quoted, the second Sare

systematic.
Variable GLASS LASS CLEO
RKgK7T 0.573+0.007 +0.019 0.5714+0.005 £ 0.019 | 0.73+0.08
Ryx 0.831+0.004 + 0.010 0.83540.003 £0.011 | 1.004+0.16
(5KgKﬂ—(5K*K [°] 02+06+1.1 —0.0£0.54+0.7 —18+31

as a systematic uncertainty in addition to those effects described in Sect. [6.6] This efficiency

correction modifies the ratio of yields quoted in Table by approximately 3 %.

The two ratios are measured to be

Byoir = 0.655 % 0.004 (stat) = 0.006 (syst),

Bk = 0.370 £ 0.003 (stat) £ 0.012 (syst).

These are the most precise measurements to date.

6.10 Coherence factor and CP-even fraction results

The amplitude models are used to calculate the coherence factors RKgK7T and Rk-k, and the
strong-phase difference 6K§Kn — 0k+K, as described in Sect. . The results are summarised
in Table alongside the corresponding values measured in {(3770) decays by the CLEO
collaboration. Lower, but compatible, coherence is calculated using the isobar models than
was measured at CLEO, with the discrepancy larger for the coherence factor calculated over
the full phase space. The results from the GLASS and LASS isobar models are very similar,

showing that the coherence variables are not sensitive to the K7t S-wave parameterisation.

The coherence factor RKgKm and the ratio of branching fractions BKgKm are combined

with the mean phase difference between the two final states measured in 1 (3770) decays [61]
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to calculate the [CP}even fraction F,, defined in Sect. which is determined to be
Fy = 0.777 £ 0.003 (stat) % 0.009 (syst),

using the GLASS amplitude models. A consistent result is obtained using the alternative
(LASS) amplitude models. This model-dependent value is compatible with the direct mea-

surement using only 1 (3770) decay data [61,(92].

6.11 SU(3) flavour symmetry tests

SU(3) flavour symmetry can be used to relate decay amplitudes in several D-meson decays,
such that a global fit to many such amplitudes can provide predictions for the neutral and
charged K*(892) complex amplitudes in D° — KIK*nF decays [176,[177]. Predictions are
available for the K**K—, K* K+, K**K® and K**K°® complex amplitudes, where K* refers
to the K*(892) resonances. There are, therefore, three relative amplitudes and two relative
phases that can be determined from the isobar models, with an additional relative phase
accessible if the isobar results are combined with the CLEO measurement of the mean

strong-phase difference, dkog [61]. The results are summarised in Table .

The isobar model results are found to follow broadly the patterns predicted by SU(3)
flavour symmetry. The amplitude ratio between the K*(892)* and K (892)° resonances,
which is derived from the DY — KK~7t" isobar model alone, shows good agreement. The
two other amplitude ratios additionally depend on the ratio BKgKm and these are more
discrepant with the SU(3) predictions. The relative phase between the charged and neutral
K*(892) resonances shows better agreement with the flavour symmetry prediction in the
D? — KYK™7t™ mode, where both resonances have clear peaks in the data. The GLASS and
LASS isobar models are found to agree well, suggesting the problems are not related to the

K7t S-wave.
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Table 6.12: SU(3) flavour symmetry predictions [177] and results. The uncertainties on phase dif-
ference predictions are calculated from the quoted magnitude and phase uncertainties.
Note that some theoretical predictions depend on the n—n' mixing angle 6,_,; and are
quoted for two different values. The bottom entry in the table relies on the CLEO mea-
surement [61] of the coherence factor phase 5K2Kﬂ, and the uncertainty on this phase
is included in the statistical uncertainty, while the other entries are calculated directly
from the isobar models and ratio of branching fractions. Where two uncertainties are
quoted the first is statistical and the second systematic.

Theory Experiment
Ratio Oy = 19.5° Oy = 11.7° GLASS LASS
|A(K*(892) " K™)|
AR ooy 0-68540.032 0.685+0.032 0.582£0.007 £ 0.007 0.576 = 0.005 £+ 0.010
JAK (892)°KO)|
AR (302) FR)| 0.138£0.033 0.307£0.035 0.29740.010 £0.024 0.295+£0.009 + 0.014
|A(K*(892)°K)|
AR sonyFi)  0-13840.033 0.307£0.035 0.3334+0.008 £0.016 0.345+£0.007 = 0.010
Argument Theory [°] Experiment [°]
A(K"(892)°K0)
A (809)FK) 151+ 14 112438 72+2+4 785+2.0+28
A(K*(892)°K°)
A (892)"KF) —9+13 —37+6 —4+£2+9 501714
A(K*(892)°K?) _ _
AR (392)°K%) 180 180 78+16 + 10 7TH+15+2

6.12 Conclusions

The decay modes D? — KYK*7tT have been studied using unbinned, time-integrated, fits to a
high purity sample of 189670 candidates, and two amplitude models have been constructed
for each decay mode. These models are compared to data in a large number of bins in the

relevant Dalitz plots and a x? test indicates a good description of the data.

Models are presented using two different parameterisations of the K7t S-wave systems,
which have been found to be an important component of these decays. These systems are
poorly understood, and comparisons have been made to previous results and alternative
parameterisations, but the treatment of the K7t S-wave is found to have little impact on
the other results presented in this thesis. The large fractions attributed to the neutral

K7t S-wave channels could indicate larger than expected contributions from the penguin

annihilation diagrams shown in Fig. [6.1d]

The models are seen to favour small, but significant, contributions from the p(1450)* and

p(1700)* resonances in the KYK* channel, modes which may have been seen by the OBELIX
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experiment [73] but are not well established. All models contain clear contributions from
both the K*(892)* and K*(892)° resonances, with the K*(892)° contribution found to be
suppressed as expected from the diagrams shown in Fig. [6.1] This allows the full set of
amplitudes in these decays that are predicted by SU(3) flavour symmetry to be tested, in
contrast to the previous analysis by the CLEO collaboration [61]. Partial agreement is found

with these predictions.

The ratio of branching fractions between the two DY — KIK*7F modes is also measured,
both across the full Dalitz plot area and in a restricted region near the K*(892)* resonance,

with much improved precision compared to previous results.

Values for the D — K2K7 coherence factor are computed using the amplitude models,
again both for the whole Dalitz plot area and in the restricted region, and are found to be
in reasonable agreement with direct measurements by CLEO [61] using quantum-correlated
P(3770) — DDP decays. The even fraction of the D — KKt decays is also computed,
using input from the quantum-correlated decays, and is found to be in agreement with the
direct measurement [61,/92]. A search for time-integrated violation is carried out using
the amplitude models, but no evidence is found with either choice of parameterisation for

the K7t S-wave.

The models presented here will be useful for future D°-D° mixing, indirect violation
and [CKM] angle v studies, where knowledge of the strong-phase variation across the Dalitz

plot can improve the attainable precision. These improvements will be particularly valuable

for studies of the large dataset that is expected to be accumulated in of the [LHC|



7. MIXING STUDIES USING D?— KIKT*K~ DECAYS

Neutral meson mixing is a powerful probe of physics beyond the Mixing is well estab-
lished in the charm system, notably by several recent results [196-198] that show the
mixing parameters are small. This means it is challenging to measure the effects of indirect
[CP| violation, and hence significant violation at a higher level than expected in the [SM] has
not yet been excluded. An overview of the relevant methods for measuring mixing and prob-
ing for indirect [CP] violation was given in Chapter [I}, and the theoretical background to the
model-independent technique has been outlined in Sect. 2.5 This chapter is dedicated to
model-independent mixing and indirect violation studies [40] using D° — KIYKTK™ de-
cays and the swimming technique described in Sect. [£.3] One similar measurement has been

carried out [101], using the sample of promptly-produced DY — Ki7tt7t~ decays recorded in

2011 by the [LHCH| experiment.

The key result of the theoretical derivation in Sect. is that the squared modulus of

the decay amplitude in bin ¢ of the Dalitz plot is given by

I't)?
|AL(t))? = e [TZ + (4) [Ti%(zép — A2 + T |zcp % Azﬂ

+ Tt TT R (X (2ep + A2)) |, 2-23)

where the positive (negative) sign gives the decay time distribution in bin i of the Dalitz
plot of a DY (D) signal decay to KYK*K~. The index i runs from —A to +A/, excluding
zero. Binning schemes and measurements of the strong-phase parameters, X;, are available
for N' € {2,3,4}. The quantity T; represents the fraction of flavour-specific decays that

fall in bin 7 in the absence of mixing effects, while X; represents the weighted average of
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the strong-phase difference between the amplitude in bin ¢ and that in the opposite bin,
—1i. The effects of mixing and indirect violation are parameterised by zcp and Az,
where z (fl/p)jEl = zop = Az. The real and imaginary components of z correspond to the
absorptive and dispersive components of mixing, respectively, while Az is related to indirect

[CP] violation. Precise definitions were given in Sect. [2.5.1]

The swimming technique described in Sect. produces per-event decay time efficiency
functions, € (¢), which are approximately a series of top-hat functions. The normalised decay
time [PDF]for a signal candidate n, evaluated at the measured decay time for that candidate,
t,, is, therefore,

‘Ai () (t”)’j(n)
, (7.1)

Z/Ooen ) [ A ()] dt
—~Jo

P, (tn) =

where the term &, (¢,) in the numerator is not shown, as it is nonzero by definition and
can be chosen to be unity. An unbinned maximum likelihood fit to N candidates typically

minimises the quantity

—2log L = —2log <ﬂ P, (tn)> . (7.2)

The variation in reconstruction and selection efficiency as a function of decay time can,
therefore, be incorporated into such a fit simply by normalising the [PDF]for each candidate

separately. This, unfortunately, forbids the widely-used optimisation

log (£ Zlog Z log (a = / p(t) dt') (7.3)
=2 _log — Nlog (), (7.4)

where p(t)/« is some normalised including the averaged result of decay time accep-
tance effects, as the normalisation integrals in Eqn. depend on the index n and must be
evaluated a factor NV times more frequently each time £ is computed. There is, therefore, a

strong motivation to construct analytically integrable fit PDF|
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Figure 7.1: Distributions of the turning point positions ¢y and ¢, which are defined in Eqn. in
a sample of simulated, promptly-produced D? — K97tt7~ and D? — KK+ K~ decays.

The z-units are arbitrary in the left-most figure.
The full PDF] in the presence of non-zero background contributions requires so-called
Punzi corrections [199] if the efficiency functions e, () differ, on average, between signal

decays and background contributions. These are not included in the study presented in this

chapter, which consists only of fits to pure simulated signal samples.

7.1 Idealised sensitivity studies

This section contains idealised studies of the sensitivity to the D°~D° mixing and indirect
violation parameters zcp and Az, and the mean DO lifetime mpo = 1/r. The sensitivities that

are, and will be, achievable using the [LHCD| dataset of DY — KIKTK™~ decays are estimated.

For these sensitivity studies only a simplified form of the per-candidate decay time effi-

ciency functions ¢ (t) are considered: a single top-hat function of unit height,

1, th<t<ty
e(t) = (7.5)

0, otherwise.

The position (ty) and width (¢; —t¢) of this function are sampled, including their correlations,
from their distributions in a sample of simulated D° — K%7*7~ and D® — KIK*K~ decayd]
when emulating decay-time-biasing selections, and a constant £ (¢) = 1 is used to simulate

the “lifetime unbiased” samples. These distributions are shown in Fig. [7.1]

1 DY — Kntn~ candidates, selected using the same strategy, are included to increase the sample size.
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Figure 7.2: Values of zop and Az sampled from the correlated world-average results for z, y and
4/p [35]. The same sampling procedure is used to produce the generated values of zgp
and Az used in the sensitivity studies.

Sensitivity to the observables of interest is evaluated using a large number of pseudoex-
periments. In each pseudoexperiment, values for the mixing and [CP)] violation parameters
zep and Az are drawn from the world-average fit results [35]. Because values and correla-
tions between the observables z¢p and Az are not explicitly given by Ref. [35], these are
derived from the best-fit values and correlation matrix for the related parameters z, y and
a/p, assuming Gaussian behaviour. The resulting distributions for the real and imaginary
parts of zcp and Az are shown in Fig. while numerical values are given in Table [7.1]
These distributions illustrate the same features as were seen in Sect. [2.5.1} mixing (zcp # 0)
is well established, with the absorptive component (y ~ R (z¢p)) more precisely measured,
and violation (Az # 0) in mixing is neither observed nor strongly constrained. It should
be noted that Az is, by construction, numerically small. For example, a value for ¢/p of
0.8¢=420%) which would be considered large indirect |[CP|violation, lies within the 1o contour

of the current world-average results, and corresponds to Az & (—0.3 — 3.24) %eo.

Values for the binned parameters 7; and X, are, for each pseudoexperiment, drawn

from the CLEO results [38], which are listed in Table If the drawn set {X;} contains

Table 7.1: Average values of zcp and Az sampled from the correlated world-average results for x,
y and 4/p [35]. These are simply taken from the distributions shown in Fig.

Observable Value

R (2cp) 0.63+0.07 [%]
S (zcp) 0.39+£0.15 [%)]
R (Az) —0.2404  [%o]
3 (Az) —1.54+1.6  [%0
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Table 7.2: Values for the binned parameters T; and X; = ¢; — i¢s; measured by the CLEO collabo-
ration [38]. Correlation information is not shown here, but is included when values for
these parameters are sampled in the pseudoexperiments.

N 7 ﬂ T,,L' C; S;

9 1 0.355+0.019 0.239+0.016 0.818 +0.107 —0.445+0.215
2 0.233£0.017 0.173+£0.015 —0.74640.083 —0.229+0.220
1 0.330+0.017 0.220£0.015 0.793£0.063 —0.43140.222

3 2 0.22840.016 0.1814+0.014 —-0.566=+0.092 —0.4134+0.234
3 0.030+0.006 0.01240.004 —0.096-4+0.329 0.461 £0.432
1 0.305+0.017 0.200+£0.015 0.858 +0.059 —0.309+0.248

4 2 0.076£0.013 0.0724+0.011 0.176 £0.223 —0.992+£0.472
3 0.177£0.014 0.133+0.014 —-0.819£0.095 —0.307+0.267
4 0.02840.006 0.008 +0.004 0.376 £0.329 0.133 +0.659

unphysical elements with |X;| > 1, the set is re-drawn until a physical set is obtained.
The number of simulated signal candidates is, for each pseudoexperiment, drawn from a
Poisson distribution. Correlated uncertainties from the CLEO measurement of the strong-
phase parameters, X;, are included in the pseudoexperiment fits as a multivariate Gaussian
constraint term, and the full set of X; and T; is allowed to vary. An alternative set of
pseudoexperiments, where values of X; are drawn in the same manner but not allowed to
vary in the fit, is used to evaluate the contribution to the final uncertainties on zgp and
Az that is due to the precision of the CLEO measurements of {X;}. The normalisation
condition >, T; = 1 is imposed using a recursive fraction parameterisation, and an unbinned
maximum likelihood fit is carried out in each pseudoexperiment to estimate the mixing and

[CP] violation parameters. The decay time distribution of an illustrative pseudoexperiment

is shown in Fig.

The uncertainties on the CLEO measurements of the fractions 7} are fairly large, and,
as quantum-correlated data are not required to measure these quantities, one might worry
that an unduly large uncertainty is injected into the pseudoexperiments by the use of CLEO
measurements. An alternative set of pseudoexperiments, where no smearing is applied to
the values of T; used for generation, is used to evaluate the variation in sensitivity to z¢p
and Az as a function of the absolute values {7T;}. No such effect is found, despite the

imprecise nature of the CLEO measurements of {7;}. Two conclusions can be drawn. First,
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Figure 7.3: Decay time distribution and fit result obtained in an illustrative pseudoexperiment
using the “2012 biased” configuration, i.e. the configuration that corresponds to the
dataset recorded during 2012. Although the dominant efficiency effect is the
turn-on at low decay times, a reduction in efficiency at large decay times is also visible.

this exercise shows that the sensitivities quoted below are not artificially degraded by the
use of CLEO results for 7T; instead of the more precise values that could be obtained from
an amplitude model, or from the results of Chapter 5] Second, and more importantly, it
shows that the effects of a non-uniform selection efficiency across the D — KYKTK™ Dalitz
plot, which must be accounted for in an analysis of real data, will not be large. Such a
non-uniform selection efficiency has the effect of modifying the statistical power available in

each of the 2\ Dalitz plot bins, which has a similar effect to changing the values T;.

The effect of non-uniform selection efficiency on the averaged strong-phase differences,
X;, must also be accounted for, as these are defined assuming a uniform efficiency. One
approach, which has the advantage that the analysis could not only measure zcp and Az, but
also improve the knowledge of {T;, X;} for use in other analyses, is to reduce the weight given
to signal candidates in high-efficiency regions of the Dalitz plot. An alternative approach
is to use an amplitude model, and knowledge of the variation in selection efficiency across
the Dalitz plot, to compute an alternative set of parameters 7! and X/ that incorporate

efficiency effects. The latter approach incurs some model-dependence, but allows the full

statistical power of the [LHCD| dataset to be exploited. In both cases some knowledge of
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Table 7.3: Estimates of D** — D%~ DY — KIK'K~™ signal yields recorded by the [LHCb

detector in various data-taking periods. This summarises results obtained in Chapter

Data collection period Yield

2012 (~Run 1 1.1 x 10°
2015 (Exclusive) 1.4 x 10°
2015 (Unbiased) 5.4 x 101
Run 2| (Exclusive) 2.6 x 10°
Run 2| (Unbiased) 9.7 x 105
Upgrade ~ 108

the efficiency variation is required, and once again there are two possible strategies. First,
simulated events could be used, as in the amplitude analysis of D° — KIK*nF decays
presented earlier. Alternatively, an existing amplitude model of D° — KIKTK~ decays
may be used to obtain the efficiency variation from the LHCD| dataset, by weighting with the
inverse squared magnitude of the amplitude model. This approach would incur no significant
model-dependence, as it depends only on the absolute value of the decay amplitude, which

the amplitude models are known to describe accurately.

Chapter [5| contains estimates of D° — KJK*TK™ signal yields in the datasets recorded in
2012 and 2015, and extrapolations of these results to the full data-taking period, and

the end of the LHCb upgrade programme. These estimates are summarised in Table

Sensitivity studies are carried out using four configurations. The first of these corresponds
to the dataset recorded in 2012, using decay-time-biasing selections. As noted in Chapter [5]
this corresponds to the vast majority of data recorded during [Run I} The second configura-
tion does not correspond to any anticipated dataset, but is rather intended to illustrate the
differences between the biased and unbiased selection strategies. It produces the same size of
dataset as the first configuration, but produces flat acceptance functions € (t) = 1. The third
and fourth configurations estimate the sensitivity expected with the full dataset recorded by
[LHCH| during using both biased and unbiased selection strategies. These strategies
are considered separately, which is reasonable given the small 15 % overlap between samples
reported in Sect. [5.5.1} In contrast to the first two configurations, differently sized datasets

are generated for the two selection strategies, according to the yields given in Table [7.3]
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Figure 7.4: Distributions of AX = Xfted — Xgenerated Obtained in pseudoexperiment studies em-
ulating the D? — KIK+K~ dataset recorded during 2012. Distributions for the three
binning schemes, N' € {2,3,4}, are overlaid. The widths of these distributions are
tabulated in Table @

In each study the sensitivity is extracted by fitting a Gaussian function to the distribu-
tions of AX = Xftted — Xgenerated; Where X represents the real or imaginary part of zcp or
Az, or the mean DO lifetime mp0. Examples of these distributions are shown in Fig. Some

outlier removal is performed before populating these distributions. This removes the results

of pseudoexperiments where the fit did not converge, or where the megative log-likelihood|

has multiple minima and the fit did not converge to the correct one. Typically the
minima are related to one another by a change of sign in one or more of the real and imag-
inary components of zcp and Az. In an analysis of real data, scans could be performed to
fully describe these multiple minima, but in the pseudoexperiment studies outlying values

of AX are simply discarded.

No large bias is observed in the various pseudoexperiment studies. In nine of the twelve
(four configurations x three binning schemes) configurations considered, the mean values of

the Gaussian functions fitted to the AX distributions for the real and imaginary components
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of zop and Az are compatible with zero, while in the remaining three configurations (Run 2
biased N € {2, 3}, 2012 biased N = 2) one or two of these observables show a bias of 10-20 %

of the expected uncertainty. The full set of estimated biases is given in Appendix [E.1]

Because each pseudoexperiment draws new values for zcp and Az from the world-average
values, it is possible to study the variation in sensitivity as a function of the true val-
ues of these observables. This is done by splitting the set of pseudoexperiment results in
half according to the true value of |zgp| or |Az|, and comparing the sensitivities found in
each half. In general, large variations in sensitivity are not seen: the largest changes are
seen in those pseudoexperiments simulating larger datasets, and the sensitivity is degraded
in those pseudoexperiments with larger true values of |zgp| or |Az|. In most cases the
change in sensitivity between the two subsets of pseudoexperiments is a few percent (i.e.
o(high |Az|)/o(low |Az|) ~ 1.02), but larger variations are seen in those pseudoexperiments
simulating the full samples, in particular for the observable & (Az) when the results
are split according to |Az|. Here, the sensitivity to & (Az) degrades by around 50 % (10 %)
with larger values of |Az| when the decay-time-biasing (unbiased) selection strategy is used.
Full results showing the sensitivity to mixing and [CP)| violation parameters for large and

small values of |zcp| and |Az] are given in Appendix [E.1]

The full set of twelve estimated sensitivities for each observable are given in Table [7.4]
The left-most two sections of this table are based on the same dataset size, so the differences
between them illustrate the effects of the biased and unbiased selections. It can be seen
that the unbiased selections result in decreased sensitivity to the mixing and [CP)] violation
parameters zop and Az per signal candidate, which is expected, as the average decay time of
signal candidates is smaller in the unbiased than in the biased samples, and as a result the
effects of mixing are smaller. The right-most sections of Table [7.4] also compare the biased
and unbiased techniques, but in this case the reduced selection efficiency of the unbiased

triggers is included.

As outlined above, the component of the total uncertainty due to knowledge of the strong-

phase parameters X; is evaluated using an alternative set of pseudoexperiments where these
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Table 7.4: Estimated sensitivities to the observables zcp, Az and o using different binning schemes, N, and configurations. The configurations
are described in the main text. In brief, they correspond to the dataset collected during 2012, or to dataset that is expected at the end
of Run 2] and in each case both the normal, decay-time-biasing, selection and the “lifetime unbiased” selection described in Chapter [4]
are simulated. In each case both the total uncertainty and the component of it due to uncertainties in the CLEO measurement of the
strong-phase parameters X; is given. When this component is small, the procedure used to extract it does not always succeed.

Uncertainty
2012 biased 2012 unbiased E biased Ec:gmmma
Observable N Total CLEO Total CLEO Total CLEO Total CLEO

2 1.454+0.04 050+£0.13 1.35+0.04 0.36+0.16 0.329+£0.009 0.173+0.019 0.4674+0.013 0.10+£0.07 [fs]

Do 3 1.46 £0.04 — 1.318 £0.035 — 0.329+0.009 0.1604+0.021 0.471+0.012 0.04+0.17 [fs]
4 1.45+0.04 0.274+0.26 1.338+0.035 0.25+0.24 0.321+0.009 0.129+0.025 0.479+0.012 0.174+0.04 [f§]

2 3.73+£0.10 — 4.11+0.10 0.8+0.7 0.9244+0.025 0.53+0.05 1.54+0.04 0.76£0.10 [%0]

R (zcp) 3 4.40+0.12 12406 4.874+0.14 094+09 099440.026 0.48+0.06 1.73+£0.05  0.67£0.15 [%0]
4 3.924+0.11 0.84+0.7 4.274+0.11 — 0.904+0.024 0.48+£0.05 1.54+0.04 0.54+0.14 [%0]

2  1029+026 14425 11.9540.30 4.34+1.0 2.70£0.07 1.814+0.11 4.164+0.11 0.9+0.6  [%o]

S (zep) 3 893+0.23 4.2+0.6 9.94+0.27 4.64+0.7 2.14+0.06 1.41£0.09 3.86+0.10 2.494+0.17 [%o]
4 11.054+£028 7.64+04 11.4840.29 6.9+0.5 2.394+0.06 1.70+£0.09 3.88+0.10 2.31+0.19 [%o]

2 1.534+0.04 — 1.95+0.05 0.2+0.6 0.29940.008 — 0.6054+0.015 — [Yo0]

R(Az) 3 1.804+0.05 0.44+0.25 2.29+0.06 0.67+0.26 0.361+£0.009 0.11+£0.04 0.7774+0.021 0.20£0.10 [%o]
4 1.45+0.04 — 1.96£0.05 0.44+0.30 0.3454+0.010 0.135+£0.029 0.665=+0.017 — [Yo0]

2 4.264+0.11 0940.7 5.79+0.15 20+0.5 1.1364+0.029 0.74+0.05 2.01+0.05 0.98+0.12 [%o]

I (Az) 3 3.64+0.09 157+0.25 4.32+0.12 1.54+04 1.002+£0.026 0.74+0.04 1.754+0.04  1.09+0.08 [%d]
4 420+0.11 2554+0.20 5404+0.14 3.24-+0.26 0.974+0.025 0.704+0.04 2.02+0.05 1.44+0.08 [%o]
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Figure 7.5: A (z¢p) distribution in pseudoexperiments using the ‘ biased” configuration.

values are fixed. The AX distribution is fitted as before, and the width obtained is subtracted
in quadrature to obtain the uncertainties quoted under the “CLEO” heading in Table [7.4]
This procedure is unstable in cases where the contribution to the total uncertainty is small,
as fluctuations can lead to the uncertainty estimated with fixed {X;} being larger than
when these parameters are allowed to vary. This could be solved by performing additional

pseudoexperiments, but, as the conclusions are fairly clear, this has not been pursued.

Some variation is seen in the sensitivity to mixing and [CP]violation with the choice of bin-
ning scheme, A/. This is not typically a simple scaling in the width of AX. Instead, in some
cases, the distribution of AX gains heavier tails, which increases the average width quoted
in Table|7.4] For example, Fig. shows the distribution of AS (2¢p) in the Run 2] biased”
pseudoexperiments, where the A/ = 2 contribution has broader tails than the N' € {3,4}
distributions. These tails contain pseudoexperiments where the fit favours values & (X;) ~ 0,
which makes the fit insensitive to I (z¢p) at leading order in decay time (Eqn. and
allows S (zcp) to take large values. This behaviour is only observed in pseudoexperiments
where the generated dataset is large enough to overcome the penalty terms constraining
the set {X;} to the CLEO measurements. As noted above, scans could be performed in an

analysis of real data to identify alternative minima with {X; }ea =~ {Xi}cLro-

Figure illustrates the impact on the world-average results of the two of the scenarios
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Figure 7.6: Tllustrations of the world-average fit results before (shaded contours) and after (black
lines) the addition of new results with uncertainties corresponding to the “2012 biased”
and “Run 2| biased” entries in Table [74l It is assumed that the new results favour the
same central values. Results for the three choices of binning scheme N € {2,3,4} are
shown in each case using different line styles, although these typically fall very close
to one another. The solid contours shown in these figures are based on a multivariate
Gaussian approximation to the world-average results, and as a result fail to reproduce

some of the complex features in the full results of Ref. (Fig. Chapter .



Additional corrections and validation 133

considered above using decay-time-biasing selections. For ease of comparison, the results
have been transformed back to the usual basis of (x,y,4/p) and away from the observables
(zcp, Az) that are used elsewhere in this thesis. The equivalent illustrations for the antici-
pated dataset selected using the unbiased strategy are shown in Appendix [E.1 There
are several interesting features in these figures. Figure clearly shows, by the rotation
of the black ellipses with respect to the solid contours, that the approach outlined in this
chapter is sensitive to x and y separately. The same figure shows that a more substantial

reduction in uncertainty is achieved for z. Figures [7.6b| and [7.6d| illustrate the sensitivity

to the indirect violation parameter 4/p, showing a clear reduction in uncertainty, but no

large change in the orientation of the error ellipse.

7.2 Additional corrections and validation

The swimming technique outlined in Sect. is powerful, but nonetheless has some limita-
tions. Several additional corrections are required if unbiased results are to be obtained. This
section will describe these corrections and apply them to a sample of simulated events that

have been propagated through the full LHCD| detector simulation described in Sect.

The corrections arise because of an approximation that is central to the swimming tech-
nique: alternative lifetimes are simulated by moving the set of in each event, not by
moving the tracking detector hits created by the charged particles that form each signal can-
didate. The decay time efficiency functions ¢ (¢) produced by the swimming algorithm do
not, therefore, account for variations in reconstruction efficiency with the position of charged
particles in the detector. The dominant variation is that tracks which are off-axis, i.e. with
a large [IP| to the beam line (DOCAZ| distance of closest approach [to the] z[-axis]),
are less likely to be reconstructed than those originating near the beam line. This effect is
most pronounced in the [HLTT]| track reconstruction, but also exists in the [HLT2] and offline

reconstructions. It typically translates into a decrease in efficiency at large D° decay times.

These effects can be corrected by modifying the efficiency functions produced by the
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Figure 7.7: Examples of per-candidate decay time efficiency functions € (¢). These are exaggerated
for illustrative purposes.

swimming algorithm, which are initially a simple set of top-hat functions (Fig. . As
introduced in Sect. the decay time values bounding these top-hat functions are known
as turning points. The reconstruction effects described above can be incorporated by multi-
plying the initial efficiency function € (¢) by a new reconstruction efficiency function eqg (¢).
The resulting efficiency function contains both smooth variations between turning points
(Fig. , and additional turning points where the efficiency changes between two nonzero

values as a result of combinatorial effects (Fig. 7.7c]).

The reconstruction efficiency functions eqq (f) are calculated for each candidate from
several ingredients. The various conditional reconstruction efficiencies are parameterised as
functions of [200]. Examples of these curves are shown in Fig. 7.8, which contains
the distributions for charged D° child particles (K*). Different functions are used for K¢
child particles (7) reconstructed as long and downstream tracks, which are shown in Ap-
pendix [E.2] All the tracking efficiencies shown are calculated using simulated events. The
[LHC| beam position, which is measured by the [VELO] detector, determines the coefficients
a; and [3; that linearly relate to the D decay time, ¢, for each charged particle, i, in
the D° decay final state, (t) = |a; + Bit|. The final ingredient, required to account for
combinatorial effects, is the list of particles and particle combinations that satisfy the various

selection thresholds at each value of ¢. This list is calculated by the swimming algorithm.

The combinatorial effects noted above arise because both the [HLT1 and inclusive D** —
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Figure 7.8: Conditional reconstruction efficiencies as a function of DOCAz for D child tracks (h¥).
The swimming algorithm contains a model of the [VELO] detector geometry, which
allows the requirement to be imposed that, at a particular D decay time, a child particle
traverses enough [VELO] stations that it can be reconstructed. Note that both the z-
and y-axis limits differ significantly between the three figures. The parameterisations
used for the blue fit curves are listed in Appendix

DOl triggers do not require that the full set of D° child particles are reconstructed,
and the conditional track reconstruction efficiencies are less than 100 %. For example, if the
probability that a track reconstructed in is also reconstructed in is a constant
£, and N of the four charged particles in the D° decay final state satisfy the selection
requirements, a combinatorial term ey =1 — (1 — a_)N is required, which is the probability
that at least one particle is reconstructed in [HCTT] A similar expression is required for the
inclusive D** — DYz} trigger, as there are (;1) = 6 possible 2-body combinations that
may be used to partially reconstruct the DY signal candidate, and the track
reconstruction is slightly less efficient than the offline reconstruction. The swimming
algorithm stores the set of tracks that satisfy the kinematic requirements (four Boolean
values) and the set of long track combinations that satisfy the D**— D% inclusive

trigger (six Boolean values), and stores additional turning points at decay times where these

sets of Boolean values change.

Between each pair of turning points, the full efficiency function e.g. () is, therefore,

€efr. (t) = €oftine (¢) aTa (*) qETTT (1) (7.6)
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where

Eofine (t) = [ ] €19 (DOCAZ; (1)), (7.7)

%

and the index i runs over all four D° descendant particles. The other terms are given by

P ( Razra(p) SEzTa(P)

m(t)zz{ [T & (pochz (1) ] (1< (Dochz, (t)))}, (7.8)
P ( REzzoe) ez

em(t):Z{ [T ™™ (ocaz(t) I (1™ (DocAz, (t)))}, (7.9)

where the index p represents the permutation where the set of charged D° descendant par-
ticles Ry (p) are reconstructed in X and Sx(p) are notEL and the range of the sum, P, is

defined by the ten Boolean values defined above.

The full expression for eq. (t) is cumbersome, but conceptually simple. The expression
is constructed using a symbolic algebra package [201], and a Taylor expansion is computed
about the midpoint of the ¢ range for which the full function was constructed. This range
is never more than a few picoseconds, as the full range of ¢ considered is [0.35 ps, 5 ps], and
a first-order Taylor expansion is sufficient to approximate eqg (¢). In other words, while the
variation and curvature of the functions in Fig. is significant over the full ranges, only
small ranges of these functions are relevant for each signal candidate. This Taylor expansion

significantly simplifies the normalisation integral Eqn. [7.1] improving performance.

The eventual result of the swimming is a list of 3n — 2 floating point numbers for each

candidate with n turning points. For example with n = 2 the final result is of the form

a0+b0t, to <t <ty
() = (7.10)

0, otherwise.

Several examples of decay time efficiency functions e (¢) for simulated events are illus-

trated in Fig. [7.9, while Fig. illustrates the result of a fit to around 49 000 simulated,

24.e. Rx(p)USx(p) = {Kt,K—,nt,n"} Vp.
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Figure 7.9: Examples of decay time acceptance functions € (t), taken from simulated decays. The
vertical dash-dotted (red) line shows the measured decay time in each case. These
examples have been chosen to illustrate the different features, and as such are not a
representative sample.

promptly-produced D? — KIKTK~ signal events using the full swimming procedure out-
lined above and a single exponential function fit model. This fit produces a value of
o = 409.5 £ 2.1fs for the average DU lifetime, consistent with the generated value of
410.1fs. If the additional corrections to the decay time efficiency functions e () that have
been described above are neglected, so € (t) consists simply of unit-height top-hat functions,

a result of Tho = 413.4 £ 2.11s is obtained.

There are several additional technicalities relating to swimming the trigger selections
discussed in Chapter [5, but these do not affect the general discussion above. For example,

selection requirements applied only to the 7 in a D** — D%  decay chain do not

typically bias the D decay time, but if the swimming algorithm is applied naively then,

because the are displaced to simulate alternative D® decay times, the 7  selection

slow

would erroneously affect the simulated trigger decision. The correct turning points are

+

slow

calculated for the inclusive D** — D% trigger by disabling the D** part of the trigger
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Figure 7.10: Fit with a single exponential function to simulated D? — K{KTK~ candidates.

+

slow and

selection and emulating one residual decay-time-biasing requirement — that the =
both reconstructed D° child particles are associated with the same — in an additional
swimming iteration. Additional swimming iterations are also used to calculate turning points
for offline selection requirements, such as a requirement that D° candidates are consistent
with originating at a (to suppress background from b-hadron decays), an upper limit on
the flight distance from the [LHC| beam line to suppress material interactions in the [VELO]

and additional requirements to mitigate software issues in the HLT]

The additional corrections discussed in this section are not expected to have any signif-
icant impact on the expected sensitivities quoted above, but are nonetheless important to

consider if an unbiased measurement is to be achieved.

7.3 Prospects for D — KKK~ mixing measurements

A powerful, model-independent method for probing mixing and violation in the D D°
system has been outlined above, which can provide stringent constraints on the observables
zcp and Az with no systematic uncertainty due to the use of an amplitude model. The data-
driven swimming technique for the measurement of decay time efficiency functions has also

been described, including the details of its application to the LHCb dataset of D® — KIKTK~
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Figure 7.11: Distributions for DY signal candidates in the dataset recorded in 2012 of the
quantity log (X%P to [PV]), which measures how consistent the DY signal candidate is
with originating at the nearest [PV] The subsidiary peak on the right hand side of the
distribution, which is more prominent at large decay times (right) than small decay
times (left) corresponds to DY candidates produced in b-hadron decays. Distributions
are shown for both the exclusive triggers (black), which fully reconstruct the
decay D?— K%+h'~, and the inclusive D** — DOz trigger (blue).

slow

decays. This is a valuable technique for extracting unbiased decay time distributions, which

can be applied to the datasets recorded by [LHCDH| in both [Run 1] and [Run 2

Unfortunately, in the LHCH| dataset recorded during 2012 there are several issues with
the trigger selections, which make such an analysis of this dataset particularly challenging.
The primary issue is that some selections include stringent requirements that D? signal
candidates are consistent with originating at a primary vertex, as illustrated in Fig. [7.11]
While this is an effective way of increasing signal purity, it also tends to reject D° candidates
produced in b-hadron decays at large measured D° decay timesﬂ This means it is difficult
to measure both the fraction of the dataset that consists of D® mesons produced in b-hadron
decays, and the other properties of these decays, such as their decay time and turning point
distributions. The latter point is important, as these distributions must be incorporated
into the fit as so-called Punzi corrections. The distribution of measured decay time for these

candidates, f (t), is approximately the convolution of two exponential decays. However, due

3 The measured decay time contains components of both the b-hadron and D° meson decay times.
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MBPRHO

is also required,
mpoPB

to the partial reconstruction of the b-hadron, an integral over g =

1t~ [dgp(8) e = ).

(7.11)

Some input from data is, therefore, required in order to obtain an accurate distribution for
use in a mixing and [CP] violation study. This is challenging to extract from the Run-I|[LHCH|

dataset for the reasons outlined above.

The dataset of D** — D% | D — K°h*h'~ decays recorded in is
already larger than that collected in and the modifications that have been made
to the trigger strategy are expected to both mitigate the problems outlined above, and
simplify the treatment outlined in Sect. For example, the fact that the offline and
track reconstruction algorithms are identical in implies that the expression given in
Eqn. for the conditional reconstruction efficiency in is simply unity, rather than
a cumbersome function. In addition to these incremental improvements, the addition of
“lifetime unbiased” triggers in [HLT2| opens the possibility of performing an analysis on this
subset of the data without using the swimming technique. As outlined in the introduction to
this chapter, analysis using the per-candidate efficiency functions produced by the swimming

algorithm incurs a performance penalty, so as ever-larger datasets are accumulated it may

become preferable to use less computationally intensive analysis techniques.

For example, analyses of the [Run 2| and [LHCH| upgrade datasets could use a hybrid

technique, whereby the “lifetime unbiased” dataset is analysed using the full decay time [PDF]
outlined above, while the larger dataset using decay-time-biasing selections is simultaneously
analysed using a simplified method with inferior per-candidate sensitivity that does not rely
on a precise determination of the selection efficiency as a function of decay time. In the[LHCD|
upgrade era it may prove optimal to invest in more computing resources for the software
trigger, allowing it to select larger and less biased datasets, and accept as a consequence
that the eventual data analysis be simplified and less sensitive per-candidate in order to fit
within computational constraints. It will be important to study this in detail, and ensure

that the upgraded trigger system selects as optimal a dataset for these studies as possible.
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In addition to the methods discussed in this thesis that probe mixing and [CP|violation in
the D°-D? system using DY — K%h*h~ decays, there are several other decay modes that can
provide important supplementary information. For example, the inclusive D — K{K~7t™
and DY — KYK* 7t~ final states can constrain R (zcp) & y and, to a lesser extent, S (zcp) &
by using external measurements of the coherence factor discussed in Sects. and [39].
A large value of this coherence factor enhances the sensitivity to mixing effects. Decays to
self-conjugate, multi-body final states whose fractional even content is known (F, as
defined in Sect. can also be exploited in a similar, inclusive manner [202]. Final states
that are close to[CP}odd or [CPleven, i.e. with F near zero or unity, offer the best sensitivity
if such an approach is pursued. The D° — ntn~7n® decay mode is a particularly attractive
prospect for such an analysis, as it has a large branching fraction and is almost entirely

[CPleven, with F, = 0.973 £ 0.017 [203].

Figure shows that a study of the D® — KYK*K~ decay mode using the dataset
expected to be recorded by during (Figs. and |7.6d)) would have an ap-
preciable impact on the knowledge of mixing and indirect [CP)| violation parameters in the
charm system, but that studies of additional modes — such as those outlined above — will
be required to conclusively answer the major outstanding questions regarding the charm
system, for example: is x # 0 and what is its sign? Is the current, large, best-fit value for

the indirect violation parameter 4¢/p supported by new data?

It should, however, be stressed that the D — K%h™h~ modes are particularly important
probes of the charm system because they allow the full set of mixing and indirect [CP|violation
parameters to be accessed simultaneously. The model-independent technique that has been
described in this chapter is a very attractive way of analysing the sample of these decays
recorded by [LHCB| and the results of Sect. [7.1] show that the uncertainty due to external
measurements of the strong-phase parameters X; scales favourably with the signal yield,
and future measurements of these parameters by the BES-III collaboration using quantum-

correlated D-meson decays could reduce this uncertainty still further.






8. CONCLUSIONS

Several studies of the neutral charm meson system have been presented in this thesis, encom-
passing searches for direct [CP] violation, detailed study of the resonance content of exclusive
decay modes, and the measurement of D% D mixing and indirect violation. In addi-
tion to these physics analyses, the [LHCH| software trigger has been described in detail, in
particular those changes made to it ahead of the current period of [LHC] operation, [Run 2|

The amplitude analysis of the DY — KYK~nt™ and D° — KK 7t~ decay modes presented
in Chapter [0] is, by far, the most precise analysis of these modes to date. Isobar models,
which describe the strong-phase variation across the Dalitz plot, have been produced for
each decay mode, and will be useful for future D°-~D® mixing, |CP| violation and angle
~ studies. Detailed knowledge of the variation of the complex decay amplitude across the
phase space of important decay modes, such as D° — KYK*7F, will be particularly valuable

for studies of the large datasets [LHCD|is expected to accumulate in and beyond.

Several other interesting results are derived from the D° — KIK*nF isobar models.
Estimates of the contributions of different intermediate resonances, such as K** — K%7*,
to each decay mode are used to test SU(3) flavour symmetry predictions, finding marginal
agreement. The models also provide evidence for poorly-established p* — KIK* decay

modes, and are used to compute the [CP}even fraction and coherence factor of these decays.

The D° — KIK*nF decay modes are [singly Cabibbo-suppressed| (SCS)), and are expected

to receive significant contributions from loop diagrams. theories often include
new particles that can contribute to these loop diagrams, enhancing the small levels of direct
[CP| violation predicted by the [SM] A search for direct [CP| violation was performed using the
isobar models of the D — KYK=ntF decays, but no [CP| violation was found.
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A model-independent technique for the measurement of mixing and indirect [CP] violation
parameters using the sample of D° — KIKTK™ decays accumulated by was studied
in Chapter . These data can provide constraints on the full set of D°-D° mixing and
indirect [CP] violation parameters, making their analysis a key component of the [LHCH|
physics programme, alongside studies of the closely-related D® — K27t~ decay mode.
Although recent results, including several from [LHCD] have conclusively established mixing
in the D%-DP system, the world averages are dominated by two-body D-decay results, and
neither large indirect [CP] violation nor a zero value of the dispersive component of mixing, «,
has been excluded. Charm mixing will, therefore, remain an interesting topic of study in the
coming years, in particular as new results utilising multi-body decay modes are published,

which are sensitive to different combinations of the mixing and [CP)| violation parameters.

The [LHCD| experiment has performed exceptionally well throughout and into the
early period of of the [LHC]| despite the significant challenges inherent in attempting

precision flavour physics measurements in the complex hadronic environment of a proton-

proton collider. The changes made to the software trigger between [Run 1} and |[Run 2| were

discussed in Chapter [ and have led to substantial improvements in signal efficiency in

, as demonstrated in the study of D° — KJK*TK™ signal yields presented in Chapter

The upgraded [LHCD| experiment will operate at an instantaneous luminosity five times
larger than the current detector, significantly increasing the average number of inelastic
collisions per bunch crossing, and consequently the fraction of events that contain one or
more interesting signal decays. The role of the [LHCH] trigger will, therefore, become one of
signal categorisation rather than background rejection. Several key steps in this direction
have been taken in with the introduction of real-time alignment and calibration, and
the “Turbo” concept of performing physics analysis directly within the software trigger, while

simultaneously reducing the complexity and systematic uncertainties of these measurements.

The role of the trigger system is critical in ensuring that sufficiently large datasets are
accumulated to precisely measure mixing and [CP] violation effects in the charm system, and

to allow further precision measurements and constraints on physics beyond the



APPENDIX






A. ADDITIONAL ISOBAR FORMALISM INFORMATION

This appendix contains Table which summarises the nominal values used for the various

resonance and form factor parameters in the amplitude analysis of D®— KYK*ntT decays.

Table A.1: Nominal values for isobar model parameters that are fixed in the model fits, or used
in constraint terms. These values are taken from Refs. [54./65,(73|,184] as described in

Chapters [2| and @
Parameter Value

seroi. MR 891.66+0.26  MeV/c?
K*(892) Ty 50.8 0.9 MeV/c?
. L mg 1.4144+0.015  GeV/c?
Kr(10)= o 0.232+£0.021  GeV/c?
(KOm) mg 1.435+0.005  GeV/c?
sTsowave 0.279+0.006  GeV/c?
seroo MR 895.94+£0.22  MeV/c?
Kr(892) I'r 48.74+0.8 MeV/c?
. o MR 141440015  GeV/c?
KE10)® 0.232+0.021  GeV/c?
. . Mg 1.4324+0.0013  GeV/c?
Kp(1430)" o 0.109+0.005  GeV/c?
(K me 1.4354+0.005  GeV/c?
Swave Ty 0.279+£0.006  GeV/c?
1.840.4 ¢/GeV
K S-wave 1.95+£0.09  ¢/GeV
me 0.980+£0.020  GeV/c?

a0(980)f g 324+ 15 MeV

/it 1.0340.14

. mm 1.3181+£0.0007 GeV/c?
22(1320) T'x 0.1098 +£0.0024 GeV/c?
. mn 1.474+40.019  GeV/c?
80(1450) 'y 0.265+0.013  GeV/c?
L omp 1.1824+0.030  GeV/c?
p(1450) Tr 0.3894£0.020  GeV/c?
o(1700)% mR 1.5944+0.020  GeV/c?

Iy 0.25940.020  GeV/c?






B. D’— KIKFnT ISOBAR MODEL EVOLUTION

This appendix concerns the amplitude analysis of D® — KIK*nF decays, and contains
additional information about the amplitude models found in Chapter [6] and in particular
the model-finding procedure described in Sect. [6.3] First, Table lists parameters that
are fixed to their known value in the final models as a result of having a fitted value within

lo of that value. This adjustment was described in Sect. [6.5]

Tables (GLASS) and (LASS), which show how the unconstrained Kzt S-wave pa-
rameters evolve as the model-finding procedure progresses. Additional tables are
also included, which show how the resonance content of the various models changes through-
out the procedure. The sequence of models found for each K7t S-wave parameterisation is
tabulated in Tables[B.2]and [B.3] alongside the K7t S-wave parameters. The “refined” models

were discussed in Sect. [6.4] and are not revisited here.

Table B.1: Parameters that are fixed to nominal values because no significant deviation was found.
One list is given for each K7t S-wave parameterisation, and the corresponding increase
in —2log L is given in each case.

(a) LASS parameterisation. (b) GLASS parameterisation.
K (1430)%* mass and width K?(1430)%* mass and width
K*(1410)%* width K*(892)° mass and width
K*(892)? mass and width ag(1450)* width
0(1450, 1700)* width p(1700)* width
LASS a K*(1410)* mass

A (—2log £) = 6.20. A (—2log £) = 5.10.
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Table B.2: Evolution of GLASS K7t S-wave parameters during the model-finding procedure. There
is no “2"! cleaning” heading corresponding to Table or “4'h cleaning” heading corre-
sponding to Table[B.I1] because these steps marked the end of the cleaning procedures,
and thus the selected model is the same as its predecessor.

Table reference B.4 —  [B.10
Q <
& s & & §°
& Ky Ny i > Y

s £ & ¥ & F
5 'S > % g
Channel <F NS S < QS) 3

F 1.12 1.22 1.46 1.10 1.75

alc/GeV] 486 495 472 452 458
(K% r[c/GeV] —5.62 —5.33 —551 —6.02 —545
or [rad] 280 2.8 279 271 283
¢prad 035 033 034 033  0.30

F 022 025 018 0.16  0.16
alc/GeV]  4.63 458 450 4.21 416
(Km)®  rc/GeV] —380 —3.84 —3.61 —331 —3.12
¢r [rad]  —1.69 —1.69 —145 —1.11 —1.06
¢p [rad]  —2.64 —270 —270 —2.61 —2.55

Table B.3: Evolution of LASS K7t S-wave parameters during the model-finding procedure. There is
no “4*™ cleaning” heading corresponding to Table because this step marked the end
of the cleaning procedure, and this the selected model is the same as the “3" cleaning”
heading. The final cleaning iterations (Tables [B.13| and [B.14)) are not shown, as no
significant variation is observed.

Table reference B.6 B.7 B.8 — B.12
<
& S & & & & $°
2 S & & > & > S
5 3 & & N & o R
e & N & g & 3 e
Channel R ~N ot ~N N %) > 4
by —14.52 —14.25 —-14.48 —-14.35 —-11.47 -—-22.59 —-22.94
(Kgﬂ)i b 26.97 26.88 26.95 26.88 20.64 39.56 39.58
b3 —20.02 -20.27 -20.13 -20.29 -16.03 -—-27.10 -—-27.02
by —26.26 —26.05 —26.30 —26.08 —32.34 —65.00 —64.81
(Km)© ba 48.81 48.81 48.89 48.81 59.28 114.51 114.40
b3 —-33.47 —-33.57 —-33.41 -33.60 —-3949 -71.68 —-T71.84

alc/GeV] 204 205 204 203 206 202  1.99
rle/GeV 095 088 088 099 081 111  1.20
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Table B.4: Fit results after the first cleaning iteration using the GLASS K7t S-wave parameterisation.
Descriptions are relative to the retained model in Table

DO KKt DO— KKt
Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No K*(1410)~ in D% — KK*7~ 1.12 101.5 1.10 72.3 36.9 No
No a5(1320)~ in D — KK~ 7™ 1.14 105.5 1.08 72.3 34.9 No
No p(1450)~ in D% — KK~ 7" 1.14 127.8 1.08 71.5 32.2 No
No p(1450)* in D® — KIK* 7~ 1.13 101.7 1.08 2.7 27.2 No
No p(1700)° in D KOK-7"  1.14 1075 108  70.3 242 No
No a9(980) in D°— KKt 1.13 1031 108 726 118 Yes
No change 1.13 105.9 1.08 71.1 — No

Table B.5: Fit results after the second cleaning iteration using the GLASS K7 S-wave parameteri-
sation. Descriptions are relative to the retained model in Table [EE'

DO KKt DU KOK*7r
Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No K*(1410)° in D°— KK*7~ 1.14 120.4 1.11 79.1 129.53 No
No K3(1430)° in D% — KIK*7t~ 1.15 96.3 1.12 75.0 121.82 No
No a0(980)" in D — KIK*7t~ 1.13 129.4 1.12 84.7 92.79 No
No ap(1450)" in D°— K%K*m~  1.13  121.6 112 835 75.45 No
No K*(1410)~ in D% — KIK*7t~ 1.13 100.0 1.10 74.1 44.31 No
No a5(1320)~ in D — KIK~ 7" 1.15 101.5 1.09 74.6 42.24 No
No p(1700)* in D® — KIK* 7~ 1.13 107.7 1.09 70.3 37.32 No
No p(1450)* in D — KK*7~ 1.14 99.3 1.08 75.0 28.64 No
No p(1700)~ in D% — KK~ 7" 1.14 105.3 1.08 71.9 19.08 No
No change 1.13 103.1 1.08 72.6 —  Yes

Table B.6: Fit results after the first cleaning iteration using the LASS K7t S-wave parameterisation.
Descriptions are relative to the retained model in Table

D’ KK~ D°— KKt
Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No ag(1450)~ in D — KIK 7" 1.19 112.1 1.09 95.2 119.27 No
No p(1700)~ in D® — KIK* 7~ 1.13 113.8 1.13 82.3 80.93 No
No K*(1410)~ in DY — KIK*7mt~ 1.13 114.1 1.12 88.4 39.76 No
No K*(1410)° in D°— KK*7~ 1.13 109.7 1.11 101.1 31.48 No
No a5(1320)~ in D — KIK 7" 1.14 120.1 1.10 89.4 26.57 No
No p(1450)* in D® — KIK* 7~ 1.13 112.8 1.12 82.5 22.21 No
No p(1700)~ in D — KIK-7t" 1.13 115.8 1.11 90.7 20.80 No
No K3(1430)~ in D= KOK*m~  1.13 1146 111 855 6.71 No
No K3%(1430)° in D% — KIK*7t~ 1.13 113.1 1.10 91.7 4.91 No
No a9(1320)* in D — KIK 7~ 1.13 114.0 1.10 90.6 1.47  Yes
No change 1.13 1134 1.10 90.6 — No
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Table B.7: Fit results after the second cleaning iteration using the LASS K7t S-wave parameterisa-
tion. Descriptions are relative to the retained model in Table

DO KIK-7t  DO— KOK*m-

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No ag(1450)~ in DY — KgK_T[+ 1.20 112.8 1.09 94.7 121.36 No
No p(1700)* in D — KK *7~ 1.13 116.6 1.13 81.5 81.93 No
No K*(1410)~ in D®— KIK*t7~  1.13 1174 1.13 86.9 51.77 No
No K*(1410)° in D — KIK*7~ 1.13 110.6 1.11 101.0 33.47 No
No ay(1320)~ in DY — KgK_T[+ 1.14 120.7 1.10 89.4 25.37 No
No p(1450)*" in D — KK *7~ 1.13 113.6 1.12 82.6 22.15 No
No p(1700)~ in D — KK~ 7" 1.13 116.3 1.11 90.1 20.42 No
No K3(1430)" in D KOK*m~  1.13 1158 111 859 7.08 No
No K3(1430)° in D — KK+t~ 1.13 1134 110 917 3.94 Yes

Table B.8: Fit results after the third cleaning iteration using the LASS K7t S-wave parameterisation.
Descriptions are relative to the retained model in Table @

DO KOK-mt  D°— KK+~

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No K*(1410)~ in D®— K/K*tn~  1.12 112.6 1.17 73.2 130.23 No
No ag(1450)~ in DY — KIK~7t+ 1.19 112.6 1.10 94.7 120.53 No
No p(1700)* in D — KIK*7t~ 1.14 118.1 1.13 80.8 85.63 No
No K*(1410)° in D% — KIK* 7~ 1.14 114.3 1.11 106.7 49.35 No
No p(1450)*" in D — KIK*7~ 1.13 112.8 1.12 87.0 37.27 No
No ay(1320)~ in DY — KIK~7t+ 1.13 118.1 1.11 90.9 28.33 No
No p(1700)~ in D — KIK 7" 1.13 115.8 1.11 90.9 17.58 No
No K3(1430)~ in D° — KIK* 7~ 1.13 112.5 1.11 84.5 10.06  Yes
No change 1.13 112.8 1.10 91.7 — No

Table B.9: Fit results after the fourth cleaning iteration using the LASS K7t S-wave parameterisa-
tion. Descriptions are relative to the retained model in Table .

DO— KIK-mt  DO— KOK*m-

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No K*(1410)~ in D — KJK*7~ 1.12 111.2 1.17 75.4 141.93 No
No a((1450)~ in D — KIK~7t+ 1.19 111.5 1.10 89.5 117.13 No
No p(1700)* in D°— KK+~ 1.13 1148 114  79.3 7782 No
No K*(1410)° in D% — KIK*7~ 1.14 117.0 1.13 103.5 73.66 No
No a5(1320)~ in DY — KIK~ 7+ 1.13 117.2 1.12 83.8 30.32 No
No p(1450)* in D?— KIK*7~ 1.13 112.8 1.13 86.0 29.26 No
No p(1700)~ in D — KIK-7t+ 1.13 115.6 1.11 84.6 16.53 No

No change 1.13 112.5 1.11 84.5 —  Yes
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Table B.10: Fit results after the third cleaning iteration using the GLASS K7t S-wave parameteri-
sation. Descriptions are relative to the refined model described in the text.

DY K'K-mt  D°— KOK*m—

Description x%/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No K*(1410)° in D — KK+~ 1.14 949  1.09 822 128.76  No
No ag(1450)* in D KK+~ 112 107.9 111 785 83.58 No
No K5(1430)° in DY K'K-7t 116 935 107 735 86.93 No
No a¢(980)" in D°— K2K+T[_ 1.12 121.5 1.10 84.0 80.23 No
No K5(1430)° in DY KOK*7~ 111 986 110 827 7478 No
No p(1450)~ in D% — KK~ 7™ 1.15 114.7 1.07 70.5 69.82 No
No p(1700)" in D — KIK*7~ 1.12 108.0 1.09 70.9 53.46 No
No a5(1320)~ in D — K(S)K_T[+ 1.12 102.1 1.08 76.2 35.16 No
No p(1450)* in D°— KK+~ 112 982 107 739 20.58 No
No K*(1410)~ in D — KIK*7t~ 1.11 101.3 1.09 73.4 29.01 No
No p(1700)~ in D% — KK~ 7" 1.13 101.5 1.07 71.8 25.38 No
No K3%(1430)~ in D°— K2K+7T_ 1.12 101.2 1.07 80.2 12.45 Yes
No change 1.11 102.2 1.07 73.6 — No

Table B.11: Fit results after the fourth cleaning iteration using the GLASS K7t S-wave parameteri-
sation. Descriptions are relative to the retained model in Table

DO— KK-mt DY— KOK*m~

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No K*(1410)° in D — KIK*n~  1.14 87.6 1.11 83.7 159.17 No
No p(1700)* in DY — KIK*m~ 1.14 109.4 1.09 4.7 97.14 No
No K5(1430)° in D® — KOK-7t  1.17 92.5 1.07 77.5 94.68 No
No K*(1410)~ in D®— KIK*n~  1.11 105.6 1.12 82.4 94.14 No
No a¢(1450)" in D° — KYK*7~ 1.12 106.8 1.11 87.7 85.44 No
No K3(1430)° in D — KIK*tn~  1.13 107.1 1.09 71.1 79.88 No
No p(1450)~ in D°— KIK~ 7" 1.15 114.4 1.08 81.3 79.54 No
No p(1450)* in D° — KIK*7~ 1.13 95.1 1.08 80.6 4276 No
No a9(1320)~ in D? — KK~ 7" 1.13 101.8 1.07 82.8 34.27 No
No p(1700)~ in D°— KIK- 7" 1.13 100.3 1.07 79.1 26.15 No
No change 1.12 101.2 1.07 80.2 —  Yes

Table B.12: Fit results after the fifth cleaning iteration using the LASS K7t S-wave parameterisation.
Descriptions are relative to the refined model described in the text.

DO— KOK-mrt  D0—s KIK+m-

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No (K9)gme in D= KKt~ 1.09 1127 115 918 157.16 No
No a(980)~ in D — KIK~—7t* 1.16 103.0 1.10 96.1 145.57 No
No K*(1410)~ in DY — KIK*7~ 1.09 110.3 1.14 75.8 145.46 No
No ag(1450)~ in D — KK+ 1.15 113.0 1.08 95.0 82.49 No
No p(1700)" in D® — KIK* 7~ 1.09 108.2 1.12 88.5 76.91 No
No ag(1450)" in D° — KIK 7t~ 1.14 106.2 1.08 116.3 72.54 No
No K*(1410)? in D — KK *7~ 1.10 112.5 1.10 114.2 41.21 No
No a5(1320)~ in D% — KOK~7t+ 1.10 114.2 1.09 92.5 28.35 No
No p(1450)" in D® — KIK 7~ 1.10 107.7 1.09 98.5 15.32 No
No p(1700)~ in D= KOK—7rt 110 1094  1.09  94.1 2.35 Yes

No change 1.10 108.6 1.09 93.7 — No
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Table B.13: Fit results after the sixth cleaning iteration using the LASS K7t S-wave parameterisa-
tion. Descriptions are relative to the retained model in Table. .

D% — KIK 7" D% — KIK*m
Description x*/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No (K0)g, 0 in D= KK+t~ 1.09 1136 115 921 15530 No
No K*(1410)~ in D° — KIK 7~ 1.09 1114 1.14 76.1 147.52 No
No a(980)~ in D — KK~ 7" 1.16 102.6 1.10 97.2 141.52 No
No ag(1450)~ in D — KOK~7t* 1.15 115.3 1.08 96.1 89.15 No
No a((1450)~ in D? — KYK*7t™ 1.13 108.4 1.10 120.7 84.29 No
No p(1700)" in D?— KIKT7t~ 1.09 108.5 1.12 89.3 74.80 No
No K*(1410)° in D° — KIK*7~ 1.10 115.7 1.10 115.5 49.81 No
No a5(1320)~ in D — KYK~ 7t 1.10 115.1 1.10 92.5 30.26 No
No p(1450)" in D?— KIK*7t~ 1.10 108.9 1.09 99.3 16.18  Yes
No change 1.10 109.4 1.09 94.1 — No

Table B.14: Fit results after the seventh cleaning iteration using the LASS K7t S-wave parameteri-
sation. Descriptions are relative to the retained model in Table

DO— KIK-mt DO—s KIK+m~

Description x?/bin  DFF [%] x?/bin DFF [%] A(—2logL) Retained
No a¢(980)~ in D — KK~ 7™ 1.16 103.0 1.10 101.3 137.53 No
No p(1700)* in D — KIK 7t~ 1.10 110.0 1.12 91.9 97.21 No
No ag(1450)~ in D° — KYK—7t" 1.15 115.8 1.08 102.2 91.71 No
No ag(1450)" in D? — KK 7~ 1.14 106.9 1.10 122.8 77.99 No
No K*(1410)° in D’ — KoKTn~  1.10 114.9 1.11 117.8 61.20 No
No a5(1320)~ in D° — KYK—7t" 1.10 114.0 1.10 98.3 31.69 No

No change 1.10 108.9 1.09 99.3 —  Yes



C. ADDITIONAL DY — K{K*7T ISOBAR MODEL

INFORMATION

This appendix contains additional information about the various isobar model parameters
that are used and allowed to vary freely in the D® — KIK*7F amplitude model fits, e.g. res-
onance mass and width parameter values, and parameters of the GLASS and LASS K7t S-wave
functional forms. It also contains supplementary results, such as those of the search for [CP)]

violation in D® — KIK*nt¥ decays.

Tables and summarise the most significant interference terms in the D° —
KIK~7ntt and D° — KIK*7~ models, respectively. Table [C.3| defines the matrices U used to
define the LASS K7t S-wave form factor. Tables (GLASS) and (LASS) summarise the
various resonance and form factor parameters. The nominal values that are used in Gaussian

constraint terms are given in Appendix [A]

Figure illustrates the two-dimensional quality of fit achieved in the four isobar models

and shows the binning scheme used to derive x?/bin values.

The changes in —2log £ obtained in alternative models where one p contribution is

removed are given in Table [C.6]

Finally, Table[C.7summarises the full fit results of the searches for [CP]violation described
in Sect. [6.8]



Table C.1: Interference fractions for the D — KYK~ 7t mode. The first uncertainties are statistical and the second systematic. Only the 25 largest
terms are shown.

(a) Best GLASS isobar model. (b) Best LASS isobar model.
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Resonances Fit fraction [%] Resonances Fit fraction [%]
(Km)%... x K*(892)* 124144 (Km)% e X K*(892)F  11.7+05+15
(KO dypye x K (1410)°  10.4£0.7 £ 2.0 (Km)% e X K*(1410)F —11.5+1.7+34
K'(1410)° x K*(892)t  —9.04+0.44 1.0 (KI70) & wave X (KT0)% ave —10.8£1.6 3.4
(K& e X (KM% e  —8£2£11 K'(1410)° x K*(892)*  —5.7+04+0.8
(KO70) & ave X x Ews —78+1.1+1.6 (K70 § vave X K*(892)F 564+04+1.2
K'(1410)" x K'(1410)°  —4.640.5 % 3.4 (KO70) & e X K (1410)° 5.240.5+0.9
K5(1430)° x ESV —4+1+4 (KT yave X 20(980)"  —5.1£0.8£0.38
(KO E e X K*(892)F 4.0+04+24 K*(892)* x &Emov\ 4.0+03+£1.2
(Ko)E e X K*(1410)T  —4.040.5+2.1 K*(1410)* x K'(1410)°  —3.740.442.0
K*(892)*  x p(1450) 3.74£04+1.0 (KT ave % P(1450)~ 3.1£0.4+0.9
(K)% e X K'(1410)° —34£05+35 K*(892)"  x a(1450)~ 27+03+£05
K*(892)+  x a(1450) 324+03+13 (K370) & wave X P(1450)~ 25+£02+08
K'(1410)° x K'(892)° —2.7+02+05 (K370 & yave x K*(1410)*  —2.5+£0.4£0.9
K'(1410)° x ag(1450)~  2.6+0.2+0.8 K*(1410)" > ap(1450)"  —2.1£0.2£0.9
(KOm)b. . x a0(1450)~  2.3+04+1.6 K*(1410)* x K'(892)° 1.91+0.12 4 0.14
(K% e X p(1450)" 21403412 K*(1410)* x @*@mov\ —1.76 £0.27 £ 0.28
(K, x K*(1410)"  1.940.5+2.9 (K37) Spave ¥ K'(892)°  —1.75+£0.10£0.19
K*(1410)" x ag(1450)~ —1.8+0.241.1 (K570 5 ave X 20(1450) 1L7+£05+1.5
K*(1410)" x K*(892)* 1.740.7+35 K'(892)"  x a9(980)"  —1.68+0.14+0.29
(KO70) & e X 82(1320)"  —1.6+0.3+15 K'(1410)° x K'(892)°  —1.740.1+05
K*(1410)* x K'(892)°  1.36+0.11 4 0.32 K'(1410)°  x ag(980)~ 1.49+0.16 4 0.21
K5(1430)° x ag(1450)~ —1.3+0.241.0 K*(1410)" x K*(892)*  —1.5+09+1.2
K5(1430)° x K*(1410)t —1.3+02+05 (KT)$ ave X 20(1450)~ 13£08+18
K*(892)T  x K'(892)° 12402404 (K570 § e X 22(1320)7  —1.2403+0.8
(KOr) ¢ ove X p(1450)~ 1.140.3+0.9 (KT)§ gave X K (892)° 1.2140.07+0.19
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Table C.3: Matrices U relating the fit coordinates b’ to the LASS form factor coordinates b = Ub’

defined in Sect.

(K(S)Tc> ?—Wave (K,]T> %—wave
—0.460 0702 —0.543\ (-0.452 —0.676 —0.582
0.776  0.197 —0.631 0.776  0.0243 —0.631
—0.433 —0.711 —0.554) \-0.440 0.737 —0.513

Figure C.1: Two-dimensional quality-of-fit distributions illustrating the dynamic binning scheme

used to evaluate x?. The variable shown is % where d; and p; are the number of

events and the fitted value, respectively, in bin 4. The D — KK—n+ (D — KIK*7~)
mode is shown in the left (right) column, and the GLASS (LASS) isobar models are
shown in the top (bottom) row.
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Table C.4: Additional fit parameters for GLASS models. This table does not include parameters
that are fixed to their nominal values. The first uncertainties are statistical and the
second systematic.

Parameter Value
. n mgr 893.1£0.1£0.9 MeV/c?
K*(892) ' 469+£03£25 MeV/c?
K*(1410)* Ty 210£20 £ 60 MeV/c?
F 1.785 (fixed)
a 4.7+£04+1.0 c/GeV
(Ko)% e ¢r  0.28£0.0540.19 rad
Os 28+0.2+£0.5 rad
r —53+04+£1.9 c/GeV
. 0 mgr 1426 £8 £ 24 MeV/c?
K7 (1410) I'r 270 £20 £ 40 MeV/c?
F 0.15£0.03 £ 0.14
a 42+03£28 c/GeV
(KM vave O —25+02+1.0 rad
s —11+06+£1.3 rad
r —-3.0+04£1.7 c/GeV
ag(1450)* mg 1430 £ 10 £ 40 MeV/c?

p(1450)* g 410+19+35 MeV/c?
p(1700)* mr 1530410 £ 40 MeV/c?
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Table C.5: Additional fit parameters for LASS models. This table does not include parameters that
are fixed to their nominal values. The first uncertainties are statistical and the second
systematic.

Parameter Value

mp 893.44+01+1.1 MeV/c?
Ip 474403420 MeV/

K*(1410)*  mp 1437+8+16  MeV/c?

b, 60 4 30 + 40
(K(S)T[)ﬁ—wave b/2 4 :i: 1 :i: 5
b, 3.0+02+0.7

K*(1410)°  mp  14044£9+22  MeV/c?
b, 130 + 30 + 80

K*(892)*

(KM% e b, —6+£1+14
by 25+0.1+14
Kmt S-wave r 1.24+03+£04 ¢/GeV

a0(980)t  mp 9254548 MeV/c?

mgr 1458 £14 £ 15 MeV/c?
I'r 282+124+13  MeV/c?

0(1450)*  mp 1208 4+8+9 MeV/¢?
p(1700)*  mp 1552413426  MeV/c?

ag(1450)*

Table C.6: Change in —2log £ value when removing a p resonance from one of the models.

K7t S-wave Removed
parameterisation Decay mode resonance A(—2log L)
LASS D — KIK-ntt  p(1450) 338
D’ — KIKTnt~  p(1700)* 235
DOy KOK- p(1450)~ 238
S p(1700)~ 162
GLASS
0 or— .+ P(1450)*" 175
DI= KR 1700+ 233
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D. DY— K{K*ntF ISOBAR MODEL SYSTEMATIC

UNCERTAINTIES

This appendix includes tables summarising the various contributions to the systematic un-
certainties assigned to the various results in the amplitude analysis of D® — KIK*7T de-
cays. The table headings correspond to the uncertainties discussed in Sect. with some
abbreviations to allow the tables to be typeset compactly. Definitions of the various ab-
breviations are given in Table [D.I] The quantity ‘DFF’ listed in the tables is the sum of
fit fractions [192] from the various resonances, excluding interference terms. Tables
(GLASS) and (LASS) show the results for the complex amplitudes and fit fractions in the
DY — KYK~7™ models, Tables (GLASS) and (LASS) show the corresponding values
for the D — KYK*7~ models and Tables and summarise the uncertainties for the

parameters that are not specific to a decay mode.

In each of these tables the parameter in question is listed on the left, followed by the
central value and the corresponding statistical (first) and systematic (second) uncertainty.
The subsequent columns list the contributions to this systematic uncertainty, and are ap-

proximately ordered in decreasing order of significance from left to right.
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Table D.1: Listing of abbreviations required to typeset the systematic uncertainty tables.

Abbreviation Description

max(| cos|)

Efficiency

Joint

Weights

Comb.
—2log L

Flatté

fm7fC

dDO 5 dR
Th+

Variation of the cut that excludes the boundary regions of the Dalitz plot.

Two efficiency-modelling uncertainties added in quadrature: using an al-
ternative parameterisation, and accounting for the limited size of the sim-
ulated event sample.

Uncertainty obtained by simultaneously fitting disjoint sub-sets of the
dataset, separated by the year of data-taking and type of K daughter
track, with distinct efficiency models.

Three uncertainties related to the re-weighting of simulated events used to
generate the efficiency model e(migﬂ, m%..), added in quadrature. These
account for: incorrect simulation of the underlying pp interaction, uncer-
tainty in the relative yield of long and downstream K¢ candidates, and
uncertainty in the efficiency of selection requirements using information
from the RICH detectors.

Using an alternative combinatorial background model.

Using a more complex alternative model where the threshold in
A(—2log L) for a resonance to be retained is reduced to 9 units.

Variation of the Flatté lineshape parameters for the ag(980)* resonance
according to their nominal uncertainties.

Variation of the mistag and combinatorial background rates according to
their uncertainties in the mass fit.

Variation of the meson radius parameters.

Switching to a Breit-Wigner dynamical function to describe the
p(1450, 1700)* resonances.
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in the D? — KYK~ 7t

ions
model using the GLASS parameterisation. The headings are defined in Table

tainties for complex amplitudes and fit fract

1C uncer

: Systemati

Table D.2
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Table D.3: Systematic uncertainties for complex amplitudes and fit fractions in the D? — K{K~ 7"

model using the LASS parameterisation. The headings are defined in Table

\/
A >
¢ N S &
& . g . \
R
Resonance Var Baseline N / L § IS O & K8 N oy
HA*A%©MV+ FF ﬁNL 56.9+0.6+1.1 0.03 0.10 0.40 0.10 0.19 0.07 0.06 0.16 0.17 1.00
aRr 5.83+0.29 +0.29 0.04 0.02 0.26 0.05 0.06 0.02 0.06 0.02 0.05 0.06
K*(1410)*  ¢r [] —143+£3+6 1.9 0.2 3.7 2.8 1.6 1.6 0.7 1.1 0.1 0.1
FF ﬁw& 96+1.1+£29 2.79 0.06 0.80 0.22 0.15 0.14 0.23 0.02 0.18 0.21
ar 1.13+0.09 £ 0.21 0.11 0.11 0.03 0.09 0.06 0.06 0.04 0.04 0.03 0.02
(KOt ¢ér [] —594+4 413 106 62 32 09 06 01 13 05 08 03
FF ﬁﬁ; 11.7£1.0£ 2.3 0.68 0.53 0.35 1.35 0.87 0.90 0.33 0.71 0.30 0.56
ar 0.2104+0.006 £ 0.010 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
W*Amwwvo dRr ﬁo_ —101.54+2.0+2.8 0.2 1.8 2.0 0.0 0.2 0.4 0.3 0.4 0.2 0.1
FF [%] 2.474+0.15 £ 0.23 0.16 0.00 0.06 0.10 0.03 0.09 0.03 0.03 0.04 0.03
aRr 3.9+£02+04 0.13 0.07 0.24 0.24 0.17 0.05 0.07 0.05 0.05 0.09
N*ﬁm:ovo oRr ﬁo_ —174+4+7 0.4 3.5 2.3 3.3 4.0 1.9 0.4 0.4 0.3 0.2
FF TN& 3.84+0.5+2.0 1.75 0.38 0.70 0.38 0.08 0.00 0.15 0.01 0.10 0.45
aRr 1.28+0.12 £ 0.23 0.10 0.07 0.13 0.07 0.10 0.06 0.03 0.03 0.03 0.01
(Km%ore o1 [] 754348 37 37 31 25 30 16 12 14 09 00
FF ﬁﬁ; 18+2+4 2.36 0.57 1.97 1.10 1.08 0.54 0.30 0.72 0.22 1.58
ar 1.07+0.09 +0.14 0.12 0.02 0.07 0.02 0.02 0.01 0.01 0.02 0.01 0.02
moﬁwmov\ oR Z 82+5+£7 2.5 2.1 4.6 1.2 0.9 0.9 3.0 0.6 0.6 0.5
FF [%] 40+07+1.1 0.91 0.19 0.50 0.06 0.20 0.03 0.17 0.18 0.14 0.05
ar 0.174+0.03 £0.05 0.02 0.01 0.04 0.00 0.01 0.01 0.00 0.01 0.00 0.01
mwﬁwwovl ¢Rr ﬁo_ —128+10+£8 3.9 3.9 2.9 2.8 1.9 2.5 1.0 0.5 1.1 1.4
FF ﬁNL 0.154+0.06 =0.13 0.09 0.02 0.08 0.01 0.02 0.01 0.01 0.01 0.01 0.02
aRr 0.43+0.05£+0.10 0.07 0.06 0.03 0.02 0.02 0.00 0.00 0.01 0.01 0.01
moﬁ%movl oRr ﬁo_ —49+11+19 3.0 12.5 8.2 5.7 7.1 1.2 4.0 2.2 4.1 0.5
FF TN& 0.744+0.15+0.34 0.25 0.18 0.10 0.07 0.08 0.00 0.00 0.04 0.01 0.01
aRr 1.3+£0.14+04 0.27 0.05 0.06 0.01 0.05 0.01 0.03 0.24 0.01 0.00
Oﬁ%mov\ oRr E —144+7+9 1.5 6.0 3.2 2.8 2.2 3.3 1.0 3.7 1.0 0.8
FF ﬁN; 1.44+0.2+0.7 0.63 0.21 0.13 0.06 0.12 0.05 0.07 0.10 0.04 0.07
Xw\ﬁuws 1.10 1.11 1.10 — 1.08 — 1.10 1.10 1.10 1.10 1.17
DFF ﬁﬁ& 109.1 114.1 108.5 — 107.0 — 107.7 108.7 110.8 109.4 110.0
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Table D.4: Systematic uncertainties for complex amplitudes and fit fractions in the D? — KIK* 7~

model using the GLASS parameterisation. The headings are defined in Table
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Table D.5: Systematic uncertainties for complex amplitudes and fit fractions in the D? — KIK* 7~

model using the LASS parameterisation. The headings are defined in Table

)
SO VRN D
S & Fr ¥ o5 & & F o, 0%
. Q v S AY & ¥ S O S 5
Resonance Var Baseline N / g L) 2 S O & N
K*(892)~ FF [%)] 28.84+0.44+1.3 007 008 032 021 015 008 121 0.01 0.01 0.19
ar 91+0.6+1.5 .21 006 058 041 039 008 019 009 001  0.03
K*(1410)~  ¢gr [°] ~794£3+7 5.2 4.1 2.7 0.8 0.6 0.9 0.2 0.2 0.0 0.4
FF %) 11.9+1.5+£2.2 015 000 142 111 104 017 071 015 0.10  0.08
aR 1.16+0.114+032 020 021 010 004 004 004 001 004 002 0.03
(KIM) g wave @R [°] —101+6+ 21 193 6.2 5.7 2.7 1.6 2.3 0.4 0.0 0.8 0.6
FF [%] 6.3+09+2.1 130 131 081 024 042 020 019 026 020  0.11
ar 0.4274+0.010£0.013 0.01 0.0l 000 0.00 000 0.00 0.00 000 0.00 0.00
K*(892)° or [°]  —175.0£1.7+1.4 0.2 1.2 0.3 0.2 0.2 0.3 0.1 0.5 0.3 0.2
FF [%) 517+021+0.32 016 020 0.04 0.08 0.08 0.01 010 010 0.00 0.02
ar 4240.5+0.9 033 020 071 016 013 015 0.03 0.08 0.02 0.06
K*(1410)° or [°] 16545+ 10 1.3 7.1 3.6 4.3 2.5 0.7 0.2 1.8 1.1 0.6
FF [%] 2.240.6+2.1 1.82 036 077 034 019 016 012 003 007  0.07
ar 1.740.24+ 0.4 018 029 017 006 009 004 000 008 0.00 0.03
(K% vove  OR [°] 1444+3+6 3.6 0.9 2.2 2.3 3.3 0.4 0.9 0.5 0.7 0.3
FF [%] 174246 3.76 431 230 070 056 060 137 054  0.00 0.32
aR 38+0.2+0.7 030 064 003 011 017 0.06 0.02 010 0.01  0.03
a0 (980)* or [°] 126+3+6 4.3 0.4 0.8 1.3 1.9 2.7 0.2 0.6 0.5 0.5
FF [%] 26+2 4+ 10 361 883 001 167 144 027 112 092 015 0.15
ar 0.86+0.10+0.12 006 0.00 0.00 004 007 002 003 004 001 002
ap(1450)* or [°] —110+8+7 1.7 2.5 3.5 1.2 3.9 1.8 1.1 1.1 0.5 1.0
FF [%] 1.54+0.3+0.4 022 007 002 015 025 0.06 0.05 013 0.03  0.05
ar 1.25+0.154+0.33 022 012 007 012 012 0.02 0.02 004 011  0.02
p(1700)* or [°] 39+9+15 9.5 8.4 5.1 4.0 2.0 1.3 0.1 0.4 2.1 1.1
FF [%] 0.53+0.114+0.23 015 008 0.06 007 010 001 0.07 003 0.02 0.01
x2/bin 1.09 .10 1.07  1.08 — - 1.09 1.14  1.09  1.09  1.09
DFF [%] 99.0 99.1 1048 956  — - 98.9  100.7 99.3 993 994
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Table D.6: Systematic uncertainties for shared parameters, coherence and relative branching ratio

observables in the GLASS models. The systematic uncertainty on the K*(892)* width

due to neglecting resolution effects in the nominal models is 0.5 MeV/c2.
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Appendix @ D% — KgKiTc:F isobar model systematic uncertainties
observables in the LASS models. The systematic uncertainty on the K*(892)* width

Table D.7: Systematic uncertainties for shared parameters, coherence and relative branching ratio
due to neglecting resolution effects in the nominal models is 0.6 MeV/c?.

170

/
A >
¥ & 5 S
Lol . . \
Juzc DVO@ o@ %M @% a,ww 01% ax% wfo %
Resonance Var Baseline S / N S Y § O & AN &R
Rgokn  0.571£0.005£0.019 0.015  0.011  0.005 0.003 0.002 0.001 0.001 0.002 0.003 0.000
Coherence dgog.— —0.0+0.5+0.8 000 001 058 030 024 0.09 016 012 019 0.00 [
OK~K
Ri+x  0.83540.003+£0.011 0.009 0.001 0.003 0.003 0.003 0.001 0.001 0.001 0.002 0.000
B Bk-x  0.368+0.001£0.011 0.010 0.001 0.001 0.001 0.002 0.000 0.000 0.001 0.001 0.000
Bgokn  0.656+0.001£0.006 0.003 0.001 0.000 0.003 0.003 0.001 0.000 0.000 0.000 0.000
CP-even frad¢tjon 0.776 +0.003 £ 0.009  0.007  0.005 0.002 0.001 0.001 0.001 0.000 0.001 0.002 0.000
Ke(892)t ™R 893.4+0.1+1.1 1.0 0.1 0.2 0.0 0.1 0.0 0.0 0.0 0.0 0.0 MeV/c?
I'r 47.440.3+2.0 1.9 0.1 0.1 0.2 0.2 0.3 0.1 0.1 0.1 0.0 MeV/c?
K*(1410)* mg 1437+8+ 16 8.8 5.8 8.9 1.9 5.6 5.4 3.3 1.3 1.2 2.0 [MeV/c?
b} 60+ 30 + 40 14 16 20 10 22 8 6 6 6 2
(KI)E v U 44145 4.8 1.2 0.6 0.4 0.6 0.1 0.4 0.3 0.2 0.3
A 3.0+0.2+0.7 0.4 0.4 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.0
K*(1410)° mg 1404 +9 + 22 7.1 — 149 107 6.6 4.5 3.5 0.7 0.5 3.4 [MeV/c?]
v} 130 +£30 £ 80 49 28 2 39 13 32 12 6 5 1
(K% ave bh —6+1414 0.7 142 14 1.2 1.3 0.2 0.2 0.1 0.3 0.3
A 25+0.1+1.4 0.1 1.3 0.1 0.3 0.2 0.1 0.1 0.1 0.1 0.0
Kmt S-wave r 1.24+0.34+0.4 004 023 028 011 010 0.06 0.03 0.04 004 004 [c/GeV|
a0(980)*  mp 9254+5+8 3.7 1.6 3.8 1.6 3.4 3.3 1.9 2.0 0.5 0.0 [MeV/c?]
ao(1450)= R 1458 + 14 + 15 4.4 — 4.2 6.0 8.2 7.1 2.2 4.4 4.1 1.4 MeV/c?
0 I'r 2824+ 12+ 13 126 1.0 2.2 1.2 2.1 1.4 0.6 1.9 1.5 0.7 MeV/c?
p(1450)F  mg 1208 +8+9 2.7 5.2 3.5 0.7 4.7 2.7 1.9 1.2 0.8 — [MeV/c?]
p(1700)*  mg 1552 413 & 26 19.0 5.1 149 7.0 3.5 3.2 0.1 2.5 2.0 1.1 [MeV/c?



E. ADDITIONAL D?— KIKTK~ INFORMATION

This appendix contains supplementary information supporting the [CP] violation and mixing
analysis presented in Chapter [7] Typically illustrative examples of the relevant figures have

been included in the main body of the thesis, and the remainder are given in this appendix.

Figure shows the N/ = 2 binning scheme for D? — KYKTK~ decays. The binning
schemes for N € {3,4} were given in Sect. [2.5.1]

Fits to the m(KJKK) and Am distribution in the datasets recorded in 2012 and 2015 were
described in Sects. and [5.5.1] For brevity only the distributions for the N' = 3 binning

scheme were shown there. The corresponding distributions for N € {2,4} are shown in

Figs. [E.2] and [E.3] (2012), Figs. [E.4] and [E.F] (2015), and Figs. [E.6 and [E.7] (2015, “lifetime

unbiased”).

Section of this appendix contains supplementary information about the pseudoex-
periment studies presented in Sect. [7.1], and Sect. contains additional information about

the tracking efficiency curves described in Sect. [7.2]

— 2.0 I I I I I

so [GeVY !
I

1.6 |

14+ —

1.0 - —
] ] ] ] ]
1.0 1.2 1.4 1.6 1.8 2.0

sy [GeVYct ]

Figure E.1: Binning scheme for DY — KYKTK~ decays with two bins in each half of the Dalitz
plot, i.e. N' = 2. The variable sy = m%{ﬂ{_, and sy +s_ + sg = m2D0 + mig + Qm%@[.
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Figure E.2: m(KYKK) distributions in the D% — KIKTK™ samples binned using N’ = 2 and
N = 4 binning schemes. Fit results are superimposed. The long-dashed (blue) curve
represents the D*T signal, the dash-dotted (green) curve represents the contribution of
real D? mesons combined with incorrect 7} and the dotted (red) curve represents the
combinatorial background contribution. The vertical dotted lines indicate the signal

window.
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Figure E.3: Am distributions in the DY — KIKTK~ samples binned using N’ = 2 and
N = 4 binning schemes. Fit results are superimposed. The long-dashed (blue) curve
represents the D*T signal, the dash-dotted (green) curve represents the contribution of
real D? mesons combined with incorrect 7 and the dotted (red) curve represents the
combinatorial background contribution. The vertical dotted lines indicate the signal
window.
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Figure E.4: m(KYKK) distributions in the D% — KIKTK™ samples binned using N’ = 2 and
N = 4 binning schemes. Fit results are superimposed. The long-dashed (blue) curve
represents the D*T signal, the dash-dotted (green) curve represents the contribution of
real D? mesons combined with incorrect 7} and the dotted (red) curve represents the
combinatorial background contribution. The vertical dotted lines indicate the signal

window.
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E.1 Pseudoexperiment results

This section includes additional information about the idealised pseudoexperiment studies

presented in Sect. Figure illustrates the improvement in the world-average results

for the mixing and indirect violation parameters z, y and 4/p in the event that an analysis

of the anticipated dataset recorded by [LHCD| in [Run 2| using the unbiased selection strategy

found the same central values as the current world-averages.

Table shows the estimated biases for the observables zcp, Az and 7o that have been

extracted from ensembles of pseudoexperiments. Table [E.2] shows the full sensitivity results,

including the “CLEO fixed” ensembles used to evaluate the impact of the limited precision

of the CLEO measurements of the strong-phase parameters X;. Tables [E.3] and [E.4] show

the impact of the absolute values of |z¢p| and |Az|, respectively, on the sensitivity to the

mixing and indirect [CP| violation parameters.
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Figure E.8: Illustrations of the world-average fit results before (shaded contours) and after (black

lines) the addition of new results with uncertainties corresponding to the ‘ unbi-
ased” entries in Table [L4l Tt is assumed that the new results favour the same central
values. Results for the three choices of binning scheme N € {2,3,4} are shown in each
case using different line styles, although these typically fall very close to one another.
The solid contours shown in these figures are based on a multivariate Gaussian ap-
proximation to the world-average results, and as a result fail to reproduce some of the

complex features in the full results of Ref. (Fig. Chapter [2).
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Table E.2: Estimated sensitivities to the observables zcp, Az and o using different binning schemes, A/, and configurations. The configurations
are described in the main text of Sect.[7.I] This table is very similar to Table [7.4] and differs only in that here the results of
pseudoexperiment studies with the strong-phase parameters X; are shown directly under the heading “CLEO fixed”, while in Table [7.4]
these values were subtracted in quadrature from those under the heading “Total” to produce the values labelled “CLEQO”.
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Uncertainty
2012 biased 2012 unbiased E biased Ecsgwmma
Observable AN Total CLEO fixed Total CLEO fixed Total CLEO fixed Total CLEO fixed

2 1.45+0.04 1.363+0.028 1.35+0.04 1.301+£0.028 0.3294+0.009 0.279+0.006 0.467+0.013 0.456+0.010  [fs]

Tho 3 1.46+0.04 1.4734+0.030 1.318 £0.035 1.360+£0.029 0.3294+0.009 0.287+0.006 0.471+0.012 0.4693+0.0100 [fs]
4 1.45+0.04 1.4264+0.031 1.338+0.035 1.314+0.029 0.3214+0.009 0.293+0.006 0.479+0.012 0.4464+0.009  [fs]

2 3.734+£0.10 3.84+0.08 4.114+0.10 4.03+0.08 0.9244+0.025 0.755+0.016 1.544+0.04 1.335+£0.028  [%o]

R (zcp) 3 440+0.12 4.23+0.09 4.87+0.14 4794+0.10 0.9944+0.026 0.871+0.018 1.73+0.05 1.594+£0.034  [%o]
4 3.92+0.11 3.8440.08 4.274+0.11 4.2940.09 0.9044+0.024 0.7694+0.016 1.544+0.04 1.44440.030  [%o]

2  10.2940.26 10.204+0.21 11.95+0.30 11.1340.23 2.704+0.07 2.004+0.04 4.16+£0.11 4.054+0.08 [Yo0]

@ANQUV 3 8.93+£0.23 7.86£0.16 9.944+0.27 8.82+0.18 2.14+0.06 1.606 £0.032 3.86 £0.10 2.94+0.06 TNV&
4 11.054+0.28 7.99+0.16 11.48 +0.29 9.18+£0.18 2.39+0.06 1.682+0.034 3.88+0.10 3.12+0.06 TNV&

2 1.53+£0.04 1.5574£0.032 1.9540.05 1.94+0.04 0.299+0.008 0.3114£0.007 0.605+0.015 0.662+0.014  [%0]

R (Az) 3 1.80+£0.05 1.754+0.04 2.2940.06 2.1940.05 0.361£0.009 0.344+0.008 0.777+0.021  0.751+£0.016  [%o]
4 1.4540.04 1.510£0.031 1.964+0.05 1.91+0.04 0.345+0.010 0.318£0.007 0.665+0.017 0.668+0.014  [%0]

2 426 £0.11 4.17+0.08 5.79+0.15 5.42+0.11 1.136 £0.029 0.857 £0.018 2.01+0.05 1.75+0.04 TNV&

I (Az) 3 3.64+0.09 3.28+0.07 4.324+0.12 4.044+0.08 1.0024+0.026 0.6714+0.014 1.754+0.04 1.371+£0.028  [%o]
4 4204+0.11 3.34+£0.07 5.404+0.14 4.33+0.09 0.974+0.025 0.681+0.014 2.02+0.05 1.423+0.029  [%o]
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Table E.4: Estimated sensitivities to the observables zcp, Az and o using different binning schemes, A/, and configurations, with the ensemble of
pseudoexperiments for each binning scheme and configuration split in half according to the value of |Az|. These are the total expected
uncertainties, including the contribution due to uncertainties in the CLEO measurements of the strong-phase parameters X;.
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Uncertainty
2012 biased 2012 unbiased E biased Ecsgmmaa
Observable N Low |Az| High |Az| Low |Az| High |Az] Low |Az| High |Az| Low |Az| High |Az]

2 1.4840.06 146+0.06 1.37+0.06 1.364+0.05 0.323+0.012 0.339+0.013 0.4504+0.018 0.499 £0.020 |[fs]

Tpo 3 146+£0.06 1.44+0.06 1.304+0.05 1.36+0.05 0.344+£0.014 0.315+£0.012 0.477+0.018 0.474+0.018 [fs]

4 1514£0.06 1.44+0.05 1.40+0.06 1.314+0.05 0.3254+0.013 0.319+£0.012 0.473+£0.017 0.492+0.019 [fs]

2 369+0.14 3.81+0.16 3.98+0.15 4.26+0.16 0.944+0.04 0.9254+0.035 1.54+£0.06 1.554+0.06  [%o]

R (2cp) 3 466+0.21 4.314+0.17 4.98+0.22 4.84+0.20 1.02£0.04 0.98 +0.04 1.74£0.07 1.744+0.07  [%o]
4 3914+0.16 3.98+0.15 4.36£0.19 4414+0.16 0.90£0.04 0.93+£0.04 1.53+0.06 1.66 £0.08  [%o]
2 105+04 100+£04 120£04 11.9£04 2.794+0.10 2.61+0.10 4.22+0.15 41940.16  [%o]
S (zep) 3 9.00+0.32 887+0.32 10.0+04 9.84+04 2.03+0.08 2.28+0.08 4.03+£0.16 3.654+0.14  [%o]
4 11.0£04 11.1+04 131405 109404 2.50%0.09 2.28+£0.09 4.10+£0.16 3.72+£0.14  [%o]
2 1.56+0.06 1.55+£0.06 1.98+0.08 1.934+0.08 0.296+0.011 0.305+0.011 0.6224+0.023 0.604 +0.023  [%o]
R(Az) 3 1.80+£0.07 1.80+0.07 2.324+0.09 2.284+0.09 0.369+£0.014 0.355+£0.013 0.762+0.029 0.801+0.032 [%]
4  14740.05 1.44+0.05 2.06+£0.09 1.934+0.08 0.356+0.015 0.343+0.013 0.647+£0.025 0.692+0.026 [%o]
2 421+0.15 4.344+0.16 5.80+0.21 5.80£0.21 0.891£0.032 1.454+0.05 1.76 £0.06 2.18+0.09  [%o]
I (Az) 3 363+0.14 3.824+0.14 4.06+0.16 4.68+£0.19 0.766£0.029 1.264+0.05 1.62£0.06 1.89+£0.07  [%o]
4 4374016 4.13+£0.15 5.30£0.19 5.384+0.19 0.844+0.032 1.124+0.04 1.97+0.07 2.09+0.08  [%o]
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E.2 'Tracking efficiency parameterisations

This section contains additional information about the tracking efficiency curves described
in Sect. [7.2l The various efficiencies for the charged kaons in the decay D® — KIKTK~
were shown in that section, parameterised as functions of the [[P] of the particle to the [LHC]
beam line, . The corresponding distributions for the charged pions produced by the K?

meson decay are given in Fig. [E.9] and the various parameterisations used are listed below.

Four different parameterisations are used to describe the various conditional track recon-
struction efficiencies, € (d,), where d, = DOCAz| All four are chosen to satisfy ' (d, = 0) = 0,
to avoid discontinuities. The [HLT2}given-offline efficiency for the charged kaons, given in

Fig. [7.8D] is parameterised with a simple quadratic expression

e(d.) = po + prdz. (E.1)

An additional term is required to describe the offline-given{VELO}hits efficiency for charged

kaons (Fig. [7.8c|), and the [HLT1}given{HLT?2| efficiency for charged pions produced in K9
decays (Fig. |E.9a))
e(d.) = po+ (p1 — p2) A + (p1 + p2) dz. (E.2)

The offline reconstruction efficiency for long (Fig. [E.9¢) and downstream (Fig. [E.9d)

charged pions produced in K¢ decays are described by a two-part function

Sicopids  dz < Py,
e(d.) = (E.3)

ad_ﬁ dz Z Pn+1,

z

where the parameters a and [ are set by the requirement that the function and its first
derivative are continuous at d, = p,41. Finally, the Crystal Ball function [170] is used to

model the [HLT1}given{HLT?2| efficiency for charged kaons (Fig. [7.8a)), and the [HLT2tgiven-
offline efficiency for charged pions, shown in Fig. [E.9b]
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